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The role of anxiety in modulating
temporal processing and sensory
hyperresponsiveness in autism

spectrum disorder: an fMRI study

Takeshi Atsumi%5*!, Masakazu Ide%>, Mrinmoy Chakrabarty?* & Yasuo Terao*

The atypical sensory features and high comorbidity of anxiety disorders in individuals with autism
spectrum disorder (ASD) are attracting increasing attention. Among individuals with ASD, those who
exhibit heightened sensory hyperresponsiveness tend to show enhanced temporal processing of
sensory stimuli, despite no observed differences in stimulus detection thresholds. A previous study
reported the role of anxiety in modulating emotion-cued changes of visual temporal resolution in
ASD. Building on this, we hypothesized that elevated anxiety might contribute to increased activation
of neural circuits for timing perception and sensory hyperresponsiveness. This study included

25 individuals with ASD and 25 typically developed (TD) participants. Using functional magnetic
resonance imaging (fMRI), we examined neural activity during a visual temporal order judgment task
pre-cued by facial emotions. In the TD group, but not the ASD group, the presence of fearful facial
expressions enhanced temporal processing. However, a correlation of anxiety levels with emotion-
cued task performance and sensory hyperresponsiveness, respectively, was evident in the ASD group.
In the TD group, neuroimaging revealed greater activation of the right caudate compared with that

in the ASD group and a functional connectivity between the amygdala and left supramarginal gyrus.
Individuals with ASD showed a relationship between anxiety level and activation of the right angular
gyrus. Moreover, anxiety mediated the link between right angular gyrus activation and sensory
hyperresponsiveness in the ASD group. These findings suggest that enhancement of temporal
processing by fear-related cues—reflecting an emotion-timing neural circuit—may be disrupted in
individuals with ASD. Heightened anxiety and sensory hyperresponsiveness in ASD may be mediated
by brain regions involved in timing perception.
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Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by difficulty in social
communication and restricted and repetitive behaviors. It has been reported that approximately 90% of
individuals with ASD experience daily sensory challenges such as sensory hyper- and hyporesponsiveness!,
so understanding the underlying mechanism is a pressing concern. ASD is also known to show a high rate of
comorbidity with anxiety disorders, with estimates ranging from 20% in adults to over 60% in young children®°.
High levels of anxiety enhance the response of the autonomic nervous system to threatening stimuli, resulting
in increased arousal*. In young patients with ASD, the levels of physiological arousal are correlated with
neuroadaptations linked to sensory hyperresponsiveness™. These suggest a neurophysiological substrate of the
linkage between anxiety and abnormal sensory features in ASD”*.

Modulation of the autonomic nervous system by emotional signals is mediated by structures in the
diencephalon, such as the hypothalamus?, which processes sensory inputs. The thalamo-cortico-striatal circuits,
including the prefrontal cortex, higher-order motor-related areas, the posterior parietal cortex, and the basal
ganglia are considered important for time perception’®, and decreased levels of the inhibitory neurotransmitter
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gamma-aminobutyric acid (GABA) in the circuits, such as the left ventral premotor cortex!'? and the thalamus'!,

may be linked to increased subjective sensory hyperresponsiveness in ASD. It has also been reported that
individuals with ASD exhibit increased sensory hyperresponsiveness and greater accuracy in the tasks demanding
timing perception!?!%. No associations are reported in the literature between simpler detection tasks and sensory
hyperreactivities in ASD'>"!4. This suggests that cognitive functions involved in daily sensory issues in autism
may be limited. Many studies have shown that brain regions and functions of neurotransmitters considered to be
involved in timing and time perception are distorted in patients with ASD (e.g'®). , . Abnormal interval timing
including the temporal order judgment (TOJ) task in ASD has also been suggested by a meta-analysis'®. Studies
also indicate that increased brain circuit excitability, in terms of information processing cycles per unit time’, is
associated with sensory hyperreactivity in ASD!®!L. It could be assumed that increased activation of the brain
circuits for timing is associated with extraordinarily high perceptual processing cycle and result in frequent
experience of sensory hyperreactivity'®. Our previous research demonstrated that the presentation of a disgust-
relevant facial expression enhances the accuracy of the TOJ task in individuals with ASD but not in typically
developed (TD) individuals, and that this effect is associated with anxiety level”.

Based on these findings, we hypothesized that abnormal responses in neural circuits related to timing
perceptions are associated with the daily sensory challenges and increased anxiety in individuals with ASD.
Autistic individuals with high-level anxiety would exhibit a greater response in timing and emotion-related
regions by a task-irrelevant negative emotion stimulus, and the neural signal change should be associated with
enhanced timing performance and hyperresponsiveness regarding daily sensory experiences. In this study, we
investigated the unique neural correlations in ASD regarding the modulation of temporal processing (TOJ) by
the presentation of emotion-related stimuli. We used functional magnetic resonance imaging (fMRI) to analyze
the effects of presenting fear-relevant face images, which are known to have a strong relationship with activation
of the amygdala, a key region for emotional processing!®!°. We hypothesized that neural activation in timing-
related circuits would enhance the sensory hyperreactivity mediated by anxiety and its engagement with the
amygdala. The amygdala has multiple projections, including the basal ganglia and the inferior parietal cortex?.
These regions are thought to be involved in timing perception (for a review, see’). Since we predicted that the
performance of the TOJ would be improved by activation at the network level, we performed whole-brain and
functional connectivity analyses.

Methods

Participants

This study was reviewed and approved by the ethics committee of Kyorin University and the National
Rehabilitation Center for Persons with Disabilities, and was conducted in accordance with the Declaration of
Helsinki and the guidelines for human research of both institutes. We recruited 29 ASD and 27 TD participants
for the present study at Kyorin University and the Research Institute of National Rehabilitation Center for
Persons with Disabilities, through the laboratory website. Some participants were excluded through screening
(as described below), and the final sample included 25 individuals with ASD (16 female participants, mean
[£SD] age 25.28 [6.70] years) and 25 TD individuals (19 female participants, 23.88 [6.77] years). In the final
sample, 6 female participants with ASD had attention-deficit/hyperactivity disorder (ADHD) and 1 female
ASD participant had anxiety disorder. None of the TD participants had a diagnosis of a neurodevelopmental or
psychiatric disorder. In the final dataset for the ASD population, the intelligence quotient (IQ) of 15 participants
was assessed using the Japanese version of the Wechsler Adult Intelligence Scale-Third Edition (WAIS-III), and
the IQ of 5 participants was assessed using the Fourth Edition (WAIS-IV). The mean age of the participants who
had an IQ score measured using one of the WAIS scales was 26.6 years (range: 16-37 years). The remaining 4
participants (mean age = 17.5 years, range: 16-20 years) were assessed using the Japanese version of the Wechsler
Intelligence Scale for Children-Fourth Edition (WISC-IV). Note that the translated versions of the WAIS and
WISC have been confirmed for validity and reliability in over 1000 Japanese papulations?"?2. In the final dataset
of the ASD group, one participant with ASD did not have IQ data. Considering this exception, the averaged
full-scale IQ across 24 ASD participants was 105.75 (+ SD =14.63; range 62-124). One participant exhibited a
full-scale IQ of 62 (< 75) but was not diagnosed as having any intellectual disability. We administered the Autism
Spectrum Quotient (AQ;?*??) to all participants to assess the severity of autism-related traits in the two groups.
Demographic data of the present cohort are shown in Table 1.

To assess subjective individual sensory traits, we used the Adolescent/Adult Sensory Profile (AASP;*), which
originated from Dunn’s model of sensory processing disorders®® based on Ayres’ theory of sensory integration?’.
The AASP is broadly accepted for characterizing daily sensory challenges in individuals with ASD and is a 60-
item questionnaire classified into four subscales (normal range): Low registration (23-38), Sensation seeking
(30-47), Sensory sensitivity (25-42), and Sensation avoiding (25-41). The first two categories correspond to
hyporesponsiveness, and the latter two to hyperresponsiveness to sensory stimuli in daily experiences?®. Note
that even though the subscales are categorized as corresponding to hyper- or hyporeactivity, they are not
exclusive, so the normal range of each scale may overlap.

We assessed the anxiety levels of each subject using the Japanese version of the State-Trait Anxiety Inventory
(STAL?%). The STAI consists of 40 questions and evaluates state anxiety, which is a transient situational reaction
tendency to anxiety-provoking events, and trait anxiety, which is a relatively stable reaction tendency to anxiety
experiences. The Japanese version of STAI has also been validated in the Japanese population®.

Written informed consent to participate in this study was provided by the participants. Because we had
confirmed that none of the participants with ASD had been diagnosed with intellectual disability and that
they understood the purpose of the present study, we were able to obtain written informed consent from the
participants themselves.
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Group
TD ASD
Variable n=25 n=25 Statistic Effect size
Odds ratio= _
Sex (male: female) | 6:19 9:16 176 s, CI = [0.45, 7.44]
t= d=-0.21
Age 23.88(6.77) | 25.28(6.70) ~0.74%.5. | CI=1[- 0.76,035]
AQ 17.88 (7.07) | 34.40 (5.90)
AASP
t= d=
Low registration 32.48 (9.25) | 45.44(8.27) _; 29b ok —1.48
: CI=[-2.1,-0.85]
t= d=
Sensation seeking | 41.60 (6.83) | 35.68 (7.36) 27951, - 0.83
: CI = [0.26, 1.41]
_ d=
Sensory sensitivity | 36.92 (8.73) | 51.36 (12.63) __4 70b #* -1.33
: Cl=[-1.94,-0.72]
t= d=
Sensation avoiding | 38.48 (9.39) | 50.60 (11.37) 7_4 110 %t -1.16
: CI = [- 1.76, - 0.56]
STAI
t= d=
State (Y1) 41.16 (8.05) | 47.40 (10.03) 7_2 43b* -0.69
: Cl=[-126,-0.12]
t= d=
Trait (Y2) 45.40 (10.31) | 60.12 (9.54) 7_5 24 wxt - 1.48
i Cl=[-2.11,-0.86]
TD ASD
n=25 n=24
105.75

Full-scale IQ -

(range: 62-124)

Table 1. Demographic data and behavioral results of the cohort. TD: typically developed; ASD: autism
spectrum disorder; AQ: Autism Spectrum Quotient; AASP: Adolescent/Adult Sensory Profile; STAI: State-
Trait Anxiety Inventory; IQ: intelligence quotient; SD: standard deviation; d: Cohen’s d ; CI: 95% confidence
interval. Mean (SD) are shown for each group. *Fisher’s exact test. "Welch’s t-test. n.s.= not significant; *p <0.05;
*p<0.01; ***p<0.001.

Apparatus

To evaluate the temporal processing characteristics of each participant’s vision, we used the Inroom ViewingDevice
(1920x 1080 resolution, 60 Hz, manufactured by NordicNeuroLab, purchased from Physiotech Co., Ltd.), a
display that can be used in the MRI room connected to an experiment controller PC (Vaio, Sony) outside the
room. For synchronization with the MRI scanner, we acquired the input from the MR synchronizer (GETS3)
connected to the signal output device via a USB connection with the experiment controller PC and synchronized
it with the experiment program. A non-magnetic keypad (Uchida Denshi, UDS-2012-4) was used to record each
participant’s response in the behavioral task. We used PsychoPy (written in Python?') for experimental control
and stimulus presentation.

Stimuli

In our fMRI analysis, we analyzed the effects of presenting images with two types of facial expressions: fearful
face (FE) and neutral face (NE) on a temporal cognitive task performance immediately after presentation. We
selected stimuli from the NimStim facial expression database®? and the Amsterdam Dynamic Facial Expression
Set (ADFES;*®) that were classified as “fearful” and “neutral” We intended to present each face image only once
to avoid inducing a specific response to one face image, but there were very few faces in each set. Therefore, we
merged these two face data sets. Since the latter dataset is a video database, we selected frames of the neutral face
at the start of the video and the frame of the high expression intensity of fear in the video as stimulus images
for each condition®.. The NimStim database has been evaluated psychometrically for validity and reliability for
recognition of the emotions of these images in untrained individuals®*. The reported mean validities of the open-
and closed-mouth fearful and neutral images ranged from 0.47 to 0.73 and from 0.82 to 0.91, respectively. The
test-retest reliabilities were 0.68 to 0.75 and 0.86 to 0.94, respectively. Fear face images from the ADFES dataset
were found to convey significant negative valence (2.37) relative to the midpoint (3.5) of the emotion rating™.
Since the size of the participant’s face area differed from the image size, we used OpenCV Haar Cascades to
automatically detect the face and remove unnecessary parts around it.

Procedure
Each participant completed the TO]J task and answered the questionnaires. To reduce physical and psychological
stress by limiting the number of trials during fMRI, participants performed the task twice: without the face image
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conditions to estimate the temporal resolution threshold (just noticeable difference [JND]) during structural
image acquisition and with the face image conditions during fMRI (Fig. 1). First, to measure the temporal
processing accuracy (temporal resolution) of each participant, we administered a task while acquiring structural
images of the brain before performing fMRI. In the TOJ task, a fixation point was presented at the center of
a uniform gray screen, and after a random intertrial interval (ITI) of 1 to 1.5 s, two white circles (diameter
visual angle 1°) appeared successively at the top and bottom of the left peripheral field (8° horizontally and 3°
vertically from the center, respectively) in a random order. The two stimuli were presented for 16.67 ms with
various stimulus-onset asynchronies ([SOAs] +0, 16.67, 33.33, 50.0, 66.67 ms). After presentation of the second
stimulus, participants were asked to report the subsequent presentation within 3 s by pressing a button on the
keypad. Participants completed 100 trials with 10 repetitions of each SOA condition. To calculate the temporal
resolution (JND), we fitted a sigmoidal function to the response data using a 4-parameter logistic regression
model by the maximum likelihood method, and used the 75% point as the JND. The calculated JND was used as
the SOA for the task in the fMRI analysis for each individual, followed by its approximation.

In the fMRI task, participants performed the same task as above under almost identical experimental
conditions except as follows (Fig. 1): the experiment was conducted using an event-related design in which
images with two different facial expressions were randomly presented immediately before the TOJ-related
stimulus on each trial. After 15 s of ITI, a facial image was presented to the center of the monitor triggered by a
signal input from the scanner. The images were displayed for a random duration of 300 to 500 ms but adjusted
such that the time from scanner signal input to the end of image display was 800 ms. The ITI was immediately
inserted after 3 s had passed following the presentation of the second stimulus. Each participant completed a
total of 40 trials, comprising 20 trials under each of the FE and NE conditions. After every 20 trials, an additional
15 s was inserted as a resting period.

For this second task, participants were informed that an image would appear immediately before the
presentation of the TOJ-related stimulus and were instructed to maintain their gaze on the fixation point while

First TOJ task Second TOJ task

(for JND estimation) (with face image presentation)

Structural image acquisition fMRI

Second stimulus

s b SOA | Task-irrelevant image
x h ' First stimulus XSOA
mulus

Second sti
Time Bottom
- 2ond) FEAR (FE) Time
Answer the 2" ||’ ﬁ‘.—ﬂ =
presented side - |» i)
NEUTRAL (NE) y
SOA: % 0, 16.67, 33.33, 50.0, 66.67 ms SOA: & estimated JND

for JND estimation

Fig. 1. Schematic image of the experiment. (a) The time course of the session. Participants performed

the temporal order judgment (TOJ) task during both structural and functional image acquisition. The

first performance was used to estimate the individual temporal threshold for the task without face image
presentation, and the second was used for the fMRI investigation of the emotion-related image presentation
in the task using the estimated near threshold. (b) Schematic representation of the TOJ tasks. Left: the two
stimuli were presented for 16.67 ms with different stimulus onset asynchronies ([SOAs] +0, 16.67, 33.33, 50.0,
66.67 ms). Participants had to respond to the top/bottom side of the second presented stimulus. Threshold (just
noticeable difference [JND]) was calculated using a function fitted to the response data in each SOA condition
before the next task. Right: An event-related fMRI of the TO]J task with face presentation. Participants were
asked to perform the same task during the structural scan. In each trial, the fear-related (FE) or neutral (NE)
face image appeared after an intertrial interval (ITI) and then the task-related stimuli were presented. The
percentages of correct responses in the FE and NE conditions were calculated, and the MR signal changes
during each condition were analyzed.
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ignoring the image as they completed the task. Participants were able to lie supine, hold the keypad, and view the
stimulus display outside the scanner via a mirror placed in the head coil.

Image acquisition and processing

MR images were obtained at the National Rehabilitation Center Hospital for Persons with Disabilities using
a 3 Tesla Siemens Skyra and a 64-channel head coil. The T1-weighted structural images during the first TOJ
task were obtained using MPRAGE (TR =2300 ms, TE=2.98 ms, flip angle=9°, field of view [FoV] =256 mm,
voxel size=1 mm?, matrix=256x 256, total volume=176 images). Functional images sensitive to the blood
oxygenation level dependent (BOLD) contrast®® were obtained from a T2* gradient-echo planar imaging (EPI)
pulse sequence (TR=2620 ms, TE=30 ms, flip angle=90°, FoV =281 mm, voxel size=2.2x2.2x3.2 mm?,
slice thickness=3.2 mm, slice number=39; interslice gap=1.28 mm, total volume=313 images). The images
were preprocessed using SPM12 (http://www.fiLion.ucl.ac.uk/spm) in MATLAB. The functional images of the
experimental session (i.e., run) were realigned, slice time was adjusted; mean functional image of each session
was coregistered to the structural image, spatially normalized to standard T1-template image defined by the
Montreal Neurological Institute (MNI), and spatially smoothed with a Gaussian kernel of 8-mm full-width
at half-maximum. The preprocessed data from each subject was analyzed using the generalized linear model
(GLM) to examine the effects of the face conditions for each subject based on the previous study’. Data were
first entered into fixed effect analysis where task-related neural activity relative to baseline was modeled using
a boxcar function, convolved using a canonical hemodynamic response function and filtered by the high-pass
filter with a cutoff period of 128 s to rule out low-frequency trends. In the first level analysis for each participant,
T-contrast was defined for the FE>NE comparison. The six head motion parameters estimated earlier were
regressed out as covariates of no interest in the contrast. MRI data from ASD participants may be blurred by,
for example, head motions because of pathological characteristics of the aberrant motor functions®’. We thus
applied the toolbox for artifact repair (ArtRepair toolbox) implemented on SPM. The subsequent group analyses
were carried out using these individual data.

Group analysis

Behavioral data

Group comparisons of behavioral and psychological data were examined using Welch’s ¢-test. The correlations
across the data were tested using Pearson’s product-moment correlation coefficient. The group and the face
condition effects for the task performance during fMRI were examined by using a generalized linear mixed
model (GLMM)-based analysis of variance (ANOVA). The specific statistical analyses of behavioral data were
performed using R ver. 4.1.2 (http://www.R-project.org), and the ImerTest function modeling the participant ID
as the random effect was used for the GLMM-based ANOVA.

Imaging data

The group comparison and multiple regression analyses for the behavioral and psychological data in each group
were examined by whole-brain analysis using SPM12. Functional connectivity in each group was assessed by
the psychophysiological interaction (PPI) analysis implemented in SPM. We used the bilateral amygdala as the
seed region to test the effect of the FE condition on the TOJ task based on the strong a priori hypothesis of the
amygdala response to fear-relevant images'®!°. The seed regions of interest were defined using the anatomical
mask?® generated by Wake Forest University PickAtlas Toolbox**’ and its embedded Automated Anatomical
Labeling (AAL*!). Voxels reported as significant in all group-level results were those that survived an initial
height threshold of p <0.001, uncorrected at voxel level (Z>3.09) to isolate clusters, and p<0.05, family wise
error (FWE)-corrected for multiple comparisons at the cluster level, excepting the marginally significant
correlation between the right angular gyrus and STALI total score in the ASD group (pp;, = 0.057; see “Results”
section). To examine the effect of the specific BOLD signal change associated with individual anxiety levels on
sensory hyperresponsiveness, we performed the causal mediation analysis*? using a R package, mediation??. For
labeling the brain area of peak coordinates, Anatomy toolbox** was used. Areas not reported by this source were
identified by MRIcron (https://www.nitrc.org/projects/mricron). Brodmann areas (BAs) were labeled using
mni2tal (https://bioimagesuiteweb.github.io/webapp/mni2tal.html)*. Statistical values were transformed into
Z-values and visualized by superimposition on the MNI152 template by using MRIcroGL (https://www.nitrc.o
rg/projects/mricrogl/).

Exclusion criteria

We excluded participants who did not have sufficient visual acuity (0.1 or more) or who could not distinguish
the facial expressions. Visual acuity for each participant was self-reported. We also excluded participants who
met the malfunction of the response keypad could not perform the TO]J task during fMRI (average correct
performance of the two face conditions <50%), or who lacked behavioral, psychological (STAI/AASP), or
imaging data. For the group comparison of the imaging data, we applied a motion outlier test in the ASD group
for motion correction®. We used an implemented function of ArtRepair toolbox to detect the group outlier for a
between-group comparison (see “Results” section). We performed the outlier detection of ArtRepair examining
the global quality metrics for a contrast image from all participants in the ASD group®’. Using the fMRI data, the
distribution of contrast estimates over the brain was calculated to obtain the global quality mean and standard
deviation for each participant. One participant in the ASD group showed these parameters>2 SD and was
excluded from the group comparison for TD > ASD (FE > NE contrast).
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Results

Group comparisons of sex, age, AQ, AASP, and STAI scores are shown in Table 1. There were no significant
differences in sex ratio or age between the TD and ASD groups. Individuals with ASD reported higher scores
for Low registration, Sensory sensitivity, and Sensation avoiding (AASP) compared with individuals in the TD
group, whereas the TD group showed increased Sensation seeking score. Both State and Trait anxiety scores were
higher in the ASD group than in the TD group.

Task performance

Estimated JND of the TOJ during the anatomical scan did not differ between the groups (mean JND: TD=17.20
ms, ASD=16.58 ms; t=0.19, df=47.80, p=0.85, d=0.05, 95% confidence interval [CI] = [- 0.5, 0.61]). We also
compared task performance during fMRI between the groups. The GLMM-based ANOVA revealed a main
effect of group (F, ,, = 6.36, p=0.015, partial n?=0.12) and face condition (F 45 =6.89,p=0.01, partial n?=0.13),
but no group x face condition interaction (F, ,, = 2.07, p=0.16, partial n’=0.04). Post hoc analyses revealed that
the TD group showed more correct performances than the ASD group under the FE condition (p =0.005), which
was marginally significant under the NE condition (p =0.08). There was a significant departure from zero in the
ACorrect rate (correct performance under the FE condition minus NE condition) in the TD group (t=3.87,
df=24, p<0.001, d=0.77, CI = [- 1.24, 2.78]), but not in the ASD group (¢=0.70, df=24, p=0.49, d=0.14, CIl =
[- 1.86, 2.14], Fig. 2). Presentation of the fear-relevant face image improved TOJ task performance only in the
TD group.

Correlations across behavioral data

We examined the association between the emotion effect on the TOJ task and psychological assessments. There
was no correlation between the ACorrect rate and either the State or Trait anxiety scores in the TD group.
Because total anxiety (the cumulative score of STAI State and Trait subscales) also reflects threatening and
negative emotion conditions, we additionally used this metric as a measure of total anxiety level*®-!. Again, no
correlation was found between the ACorrect rate and the total anxiety score in the TD group. The ASD group
showed a negative correlation between the ACorrect rate and the STAI total score (r = - 0.46, p=0.02, [1 -
B]=0.66, Fig. 3). A trend could be seen in the ACorrect rate and State anxiety (r = - 0.46, p=0.02, [1-p] =0.66),
and a moderate correlation was found between the rate and Trait anxiety (r = - 0.36, p=0.08, [1-p] =0.42). The
ASD group also showed positive correlations between AASP hyperreactivity (Sensory sensitivity + Sensation
avoiding) and State anxiety (r=0.53, p=0.006, [1 - 3] =0.80), Trait anxiety (r=0.53, p=0.006, [1 - $]=0.80),
and STAI total (r=0.60, p=0.002, [1 - p] =0.91), respectively. The TD group showed no such associations (p-
values>0.17). Based on the associations across the behavioral indices in the ASD group, we used the STAI total
score (State + Trait anxiety scores) as the metric of anxiety level.

fMRI results

Group comparison

We tested the differences in neural correlates between the groups. By comparing the FE > NE contrast with age,
sex, and JND as covariates of no interest, we found greater BOLD signals peaking at several coordinates in the
TD group compared with the ASD group. Table 2 shows some peak coordinates, where we could clearly define
the cortical anatomical location using the atlases (which seemed to be part of the ventricle). We suspected that
motion artifacts in the ASD group might have resulted in the idiosyncratic coordinates. We therefore applied a
motion outlier test in the ASD participants using ArtRepair toolbox. Based on the outlier test, we excluded one
participant with the largest motion artifact across the brain images and carried out the same second level group
comparison. The comparison between 25 TD and 24 ASD participants indicated slightly altered coordinates, as
shown in Table 2, indicating the right caudate (labeling procedure was explained in “Methods” section).

Multiple regression

We performed whole-brain multiple regression analyses for FE > NE contrast with age and sex as covariates of
no interest in each group. No suprathreshold region with positive association with the ACorrect rate was found
in the ASD group. ASD participants showed negative associations between the ACorrect rate and the bilateral
fusiform gyri (the fusiform face area, FFA>% the fourth cluster shown in Table 3; Fig. 4) and the left precentral
gyrus (ventral premotor cortex). The TD group showed no significant association of BOLD signals and ACorrect
rate.

We also analyzed the brain regions associated with the psychological assessments for FE>NE contrast
(Table 4; Fig. 5 left). We found a positive association between STAI total and the BOLD signal at the right
angular gyrus in the ASD group. ASD participants who reported greater AASP hyperreactivity score exhibited
increased signal change at the right superior temporal gyrus (Table 5; Fig. 5 right). The cluster of this correlation
also involved the right temporal pole, shown as the second coordinate in the table. In the TD group, none of the
psychological assessments (STAI and AASP, respectively) were associated with BOLD signal change.

Functional connectivity

We analyzed the functional connectivity for the FE > NE contrast based on the strong assumption for the region
involved emotional processing. By using the anatomical mask of the bilateral amygdala as the seed region, we
found a psychophysiological interaction with the left supramarginal gyrus (Table 6; Fig. 6). ASD participants
showed no suprathreshold coordinate associated with the seed region.
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Fig. 2. The effect of fear-relevant image presentation on the TOJ task performance during fMRI. Dots
represent the difference of correct rates under the fearful face (FE) minus neutral face (NE) condition
(ACorrect rate) in each participant. ***p <0.001.

Mediation analysis

There was a positive correlation between AASP sensory hyperreactivity score (Sensory sensitivity + Sensation
avoiding score) and STAI total score, and a marginally significant association between the BOLD signal change
at the right angular gyrus (rAng) and STAI total score (pp,,, = 0.057, Table 4; Fig. 5 left) in the ASD group. For
the latter relationship, the Pearson’s correlation coefficient r between signal change and STAI was 0.74, power
(1 - B)=0.995, and Bayesian factor BF, =1084.87, indicating a large effect size. We confirmed that the signal
change correlating with STALI total score was also positively correlated with the AASP sensory hyperreactivity
score (r=0.46, p=0.02, [1 - p]=0.66). Since the signal change was correlated with these psychometric
parameters, we performed a causal mediation analysis*? to determine whether the association predicted sensory
hyperreactivity in ASD. As the result, the mediation model was significant, suggesting STAI total score mediated
the relationship between the signal change at the rAng and AASP sensory hyperreactivity score (for more details,
see Supplementary Materials).
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Fig. 3. Correlations between the ACorrect rate of TOJ performance (FE - NE condition) and the STAI total
score in each group. *p <0.05. Shaded area represents 95% confidence interval.

MNI
coordinate
Size (voxel) | z-value | p.,.. |L/R |Region [BA |x |y |z
TD (25)>
ASD (25) 461 5.02 0.001 | R - - 26 |4 |26
TD (25)>
ASD (24) 408 3.90 0.002 | R Caudate | - 18 122 |8

Table 2. Group comparisons for FE > NE contrast. TD: typically developed; ASD: autism spectrum disorder;
FWE: family wise error; BA: Brodmann area; MNI: Montreal Neurological Institute.
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MNI coordinate
Group (n) | Size (voxel) | z-value | ppi. | L/R | Region BA | x y z
699 4.69 0.000 | R Fusiform gyrus | 37 | 54 -64 | -2
403 4.65 0.000 | L Precentral gyrus -42 | -2 |38
ASD (25)
183 4.06 0.028 | L Fusiform gyrus |37 | -52 | -60 | -2
211 4.03 0.015 | R Fusiform gyrus | 37 | 36 -56 | - 18

Table 3. Brain regions negatively associated with ACorrect rate (FE>NE). ASD: autism spectrum disorder;
FWE: family wise error; BA: Brodmann area; MNI: Montreal Neurological Institute.
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Fig. 4. Correlations of fMRI activation (FE > NE) and ACorrect rate of TOJ performance (FE - NE condition)
in the left ventral premotor cortex (VPMG, left panel) and the right fusiform face area (FFA, right panel) in
ASD. Color bars represent the z-values for each SPM signal change (insets).

MNI
coordinate
Group (n) | Size (voxel) | z-value | p... | L/R | Region BA |x |y z
ASD (25) | 155 4.00 0.057 | R | Angular gyrus |39 |34 | —82 |30

Table 4. Brain regions positively associated with STAI total score (FE>NE). ASD: autism spectrum disorder;
FWE: family wise error; BA: Brodmann area; MNI: Montreal Neurological Institute.

Discussion

In the current study, we sought to reveal the common neural circuit for sensory hyperresponsiveness and
anxiety level in autism by focusing on improvement of temporal processing of visual stimuli. By cueing a fear-
relevant face image, the subsequent task performance of TOJ was improved in the TD group but not in the
ASD group. In fact, ASD participants with greater total anxiety score exhibited worse performance under the
fear-face condition. Greater BOLD signal, as a proxy of task-related neural activation, was found in a region
close to the right caudate in TD participants compared with ASD participants under the fear-face condition. A
psychophysiological interaction analysis revealed functional connectivity of the bilateral amygdala and the left
supramarginal gyrus in the TD group. This association was absent in the ASD group, in which rAng activity
seemingly strengthened their sensory hyperresponsiveness mediated by increased total anxiety.

The basal ganglia, an organization of the multiple nuclei including the caudate, is considered essential for
timing (see review by®). In the TOJ task, the bilateral caudate is activated relative to the numerosity judgment
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Fig. 5. Correlations of fMRI activation (FE >NE) and the psychological measurements in ASD. Left:
Association between STALI total score and signal changes in the right angular gyrus (Ang). Right: AASP
hyperreactivity score and the right superior temporal gyrus (STG). Color bars represent the z-values for each
SPM signal change (insets).

MNI
coordinate
Group (n) | Size (voxel) | z-value | ppy | L/R | Region BA |[x |y |z
ASD (25) | 179 4.30 0.031 | R Superior temporal gyrus | 22 |56 |4 | - 12
R Temporal pole 38 |62 |8 |-6

Table 5. Brain regions positively associated with AASP hyperreactivity score (FE>NE). ASD: autism spectrum
disorder; FWE: family wise error; BA: Brodmann area; MNI: Montreal Neurological Institute.

MNI

coordinate
Group (n) | Size (voxel) | z-value | pri | L/R | Region BA | x y z
TD (25) 217 4.40 0.016 | L Supramarginal gyrus | 40 | - 62 | —34 | 30

Table 6. Brain regions functionally connected with the bilateral amygdala (FE > NE). ASD: autism spectrum
disorder; FWE: family wise error; BA: Brodmann area; MNI: Montreal Neurological Institute.

task™. The neural correlates for the TOJ and the simultaneity judgment task involve the basal ganglia, including
the caudate®, indicating that the caudate is the putative common neural substrate for temporal processing. In
our study, presentation of the FE image was involved in the activation of the timing-related region such as the
caudate in the TD group. This activation may have led to the improvement in TOJ task performance in the TD
group relative to that in the ASD group. A functional connectivity analysis revealed that activation of bilateral
amygdala is associated with the left supramarginal gyrus (SMG) in the TD. This suggests that the amygdala-left
SMG connectivity may be involved in the heightened task performance induced by the fear-relevant stimulus.
During a visual TOJ task, it is known that the bilateral parietal cortices show significant neural activations. There
are greater activations in the bilateral temporoparietal junctions (TPJs) and the left SMG during the TOJ than
in the shape discrimination task®. The left SMG involved in inferior parietal lobule is organized with the right
TP]J, dorsolateral prefrontal cortex (DLPFC), and the left medial frontal gyrus during audiovisual asynchrony
perception®®. A study that used the task for collision judgments revealed that the left SMG is involved in
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Fig. 6. Psychophysiological interaction (PPI) of the bilateral amygdala as the seed regions (inset) and the left
supramarginal gyrus (SMG) for the FE > NE contrast in TD. Color bars represent the z-values for each SPM
signal change.

integration of perceptual spatiotemporal information®. In the present study, our results suggest that the task-
irrelevant fear-face image activated the neural substrate of timing by mediating amygdala activation in the TD
group. The nuclei within the amygdala have multiple projections, including the basal ganglia and the inferior
parietal cortex®®. The functional connectivity observed in the TD group might be absent or diminished in the
ASD group in our study, suggesting the population-level disrupted connectivity of the neural circuit for timing
and emotion driven by fear-relevant cues.

One possibility for the null effect of FE on the TOJ in ASD is that ASD participants were less sensitive to
facial expressions. It is evident, however, that individuals with ASD recruit the fusiform gyrus when viewing
human face images similar to neurotypical individuals (as shown in a quantitative meta-analysis study®).
Participants with ASD in the current study who demonstrated better task performance under the FE condition
exhibited lower activation of the fusiform gyri, including the fusiform face area (FFA). Activation of the FFA
is not sufficient to explain the lack of improvement in task performance in the ASD group. It should be noted
that there is broad acceptance of the existence of bidirectional communication between the amygdala and the
fusiform gyrus during emotional image viewing®. The dissociation of morphological metrics between the
amygdala and the FFA may be related to autistic face recognition traits®!. Combining these findings with our
results in the ASD group, we can speculate that the presentation of fear-face may disrupt the activation of the
amygdala—fusiform circuit and lead to dysregulation of the timing performance.

We also found that autistic participants who exhibited enhanced task performance under the FE relative to
the NE condition showed lower anxiety scores. This suggests that a better emotion-control trait may enhance
cognitive performance including TOJ by fear-face cue, even in people with ASD. The participants with ASD
exhibiting poorer performance under the FE condition tended to show greater activity of the left vVPMC, which
is thought to be involved in the TO]J task®*>*%, These results suggest that TO]J task performance in ASD might
be disrupted by fear-relevant stimulus presentation due to the relatively uncontrollable emotion property. This
idea may also be supported by findings that autistic people exhibit similar difficulties to people with amygdala
lesions. Both groups show eye avoidance because of the amygdala-related hyperarousal®>®,
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We found a potential association between STAI total score and rAng activity in the ASD group. It is broadly
accepted that the rAng, part of the inferior parietal lobule (IPL), is also involved in sub-second perceptual timing
tasks such as those in our experiment (see a voxel-wise meta-analysis study®*). The right IPL may be sensitive
to sub-second durations®>-’. The bilateral angular gyri are also recruited for the time estimation task®, and the
rAng is involved in the emotion-related time production task®. One study showed that the altered functional
connectivity between the right DLPFC and the angular gyrus was positively correlated with anxiety severity in
generalized anxiety disorders’. The right lateralized regions of prefrontal and posterior parietal cortices are
considered to constitute a large-scale network for attention”!. In line with previous knowledge of the relationship
between pathological anxiety and the fronto-parietal network, we can assume the possibility that the arousal
response derived by emotion-present image activated the attention-related brain region relative to the individual
anxiety property in the ASD group.

The role of the rAng might be key to understanding sensory hyperreactivity in ASD. The mediation analysis
suggested that activation of the rAng was correlated with increase of the sensory hyperreactivity score mediated
by total anxiety score. One study showed that the right DLPFC-right angular gyrus association for the anxiety
pathology®. The neural excitatory/inhibitory (E/I) imbalance in the right TPJ, which is formed by the IPL (the
angular gyrus and the SMG), may be associated with sensory hyperresponsiveness in ASD”2. We speculate that
increased attention and arousal cued by an emotion-relevant stimulus derived from activation of this circuit”!
might focus on behaviorally irrelevant sensory stimuli, resulting in autistic sensory over-responsivity in everyday
life. We must state that the results of the mediation analysis should be interpreted with great caution because
the mediation model is based on a marginally significant association between the rAng and STAI total (pp,p. =
0.057).

Whole-brain analysis of correlations revealed a positive association between the sensory hyperreactivity score
of AASP and the combined regions of the right superior temporal gyrus and temporal pole. The right temporal
pole is considered to be involved in emotional face processing’®. Increased local functional connectivity in
the ASD group in temporo-occipital regions, including the right temporal pole, was correlated with severities
of social communication deficits and repetitive and restricted behaviors’*. Another task-related fMRI study
revealed that ASD participants showed greater bilateral temporal pole activations in viewing face-like objects”.
The presentation of emotion-related face images might elicit the unique brain activation for socioemotional
processing relative to an autism symptom,; that is, sensory hyperreactivity.

Fear-face presentation did not enhance TOJ performance in ASD, and task improvement was negatively
correlated with STALI total score. These results seem in opposition to our previous finding that disgust-face
improved TOJ temporal resolution in ASD'. A literature review indicated that disgust evokes activation of
the anterior insula, whereas fear leads to activation of the amygdala'®. Previous research demonstrated that
aberrant but distinguishable functional characteristics of the insula’® and amygdala® exist in ASD, consistent
with its pathology. In TDs, a disgusting image more efliciently captures attention’” and impairs subsequent
cognitive control’® to a greater extent than fearful images. In the present study, absence or diminished functional
connectivity of the amygdala in the ASD participants suggested a null effect of the fear-face image on our task.
Considering a previous study showing that disgust face image had equivalent efficacy for attentional bias in the
ASD and TD individuals”, we speculate that impairment in cognitive control by disgust and increased arousal
by fear face are reduced in ASD.

In line with the hypothesis that increased sensory processing precision may lead to daily sensory over-
reactivity in autism'>!>3¢, we examined the effect of fear-relevant image presentation on timing performance.
This is based on the idea that emotion dysregulation would increase both the precision of sensory processing
and daily sensory challenges. In contrast to our hypothesis, we observed improvement of temporal processing
precision in TD but not ASD participants. The individuals with ASD who showed task improvement under
the fear-face condition exhibited reduced activation of the vPMC, which is considered to be involved in TOJ
performance®®5354, Because we used the subtraction method between the FE and NE conditions, we assumed
that the effect of handedness and motion in each condition on the vVPMC and motor cortex imaging data would
be canceled out. We previously reported that GABA concentration in the left vPMC was negatively correlated
with AASP hyperreactivity scores in ASD'°. The neural E/I imbalance is suggested to be the therapeutic target
in autism pathophysiology®®8!. It is suggested that the neural excitability of this region may contribute to
timing precision and daily sensory challenges in autism. The present finding of the emotion effect on the TOJ
performance in ASD implies that separate mechanisms may exist to increase the precision of sensory processing
and daily sensory challenges. Our data, however, suggest that emotion dysregulation (i.e., increased anxiety)
may enhance the daily sensory challenges induced by the neural response of the region involved in timing and
attention control under negative emotion situations.

In the present study, we attempted to potentially evoke the affective states by the task-irrelevant face image
and examined its effect on the TOJ. It remains unknown how task-relevant stimuli eliciting stressful or negative
emotional response work on timing precision in individuals with ASD. Future studies should address this point,
as well as the relationship with daily sensory challenges. Separate MR spectroscopy analysis may reveal how E/I
imbalance is involved in sensory processing precision and sensory abnormalities in autism.

Limitations and future directions

The current study has some limitations. Increased arousal may influence general cognitive performance not
specific to timing perception. So far, it is difficult to conclude that the improvement in TOJ task performance
in the TD group was equivalent to that observed in ASD'’. For future studies, further experiments should be
conducted to examine the comparison between timing tasks and other cognitive domains (e.g., numerosity
judgment:**>?) and involvement of the rAng in relation to sensory issues in ASD. Another weakness of our study
may be the missing IQ data. We did not assess IQ scores in the TD group, but only screened for the presence of
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a clinical diagnosis of mental retardation. In our data, the differences in task performance without face image
presentation and the correct rate in the NE condition between groups were not significant. We speculated that
IQ scores did not affect task comprehension or the difference in task performance without emotional valence
(i.e., fear face presentation). The finding that TOJ task performance in individuals with ASD is equivalent to
that in individuals without ASD was consistent with previous studies'”*®, However, the lack of IQ data in the
control group limits our ability to claim that IQ score had no effect on the group differences for the fear face
presentation in the present study. Future studies should address the impact of intellectual ability on the neural
correlates of emotion-induced cognitive performance in ASD. Further, the effect of the face image set may not
be ignorable. We used two sets of face images depicting non-Japanese subjects. A previous study examined
the difference in BOLD signal changes associated with the presentation of fearful faces between Japanese and
Caucasian people living in the United States®. The authors found that the increased amygdala response to fear
faces of one’s own cultural region was independent of the racial difference of the participants. This suggests that
a race- or culture-specific response to the fear face image was present but a response to the other racial faces was
not. This culture-specific effect may explain why we did not find increased signal change in the amygdala in the
control group. Future studies should address the race- or culture-specific response of the amygdala during our
task. Discussion of our exclusion protocol is also warranted. For the group-level comparison, we employed the
ArtRepair toolbox to detect an outlier based on the a priori knowledge that imaging data from ASD participants
may be blurred by motion due to abnormal motor functions®. Therefore, we performed outlier detection only
for the ASD group. However, we recognize that the outlier detection is usually done for all groups and that this
could introduce a bias in this study.

Data availability

The datasets generated for this study are available on request to the corresponding author.
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