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Autism spectrum disorder (ASD) is a neurodevelopmental condition associated with
atypicalities in social interaction. Although psychological and neuroimaging studies have
revealed divergent impairments in psychological processes (e.g., emotion and perception)
and neural activity (e.g., amygdala, superior temporal sulcus, and inferior frontal gyrus)
related to the processing of social stimuli, it remains difficult to integrate these findings. In
an effort to resolve this issue, we review our psychological and functional magnetic
resonance imaging (fMRI) findings and present a hypothetical neurocognitive model. Our
psychological study showed that emotional modulation of reflexive joint attention is
impaired in individuals with ASD. Our fMRI study showed that modulation from the
amygdala to the neocortex during observation of dynamic facial expressions is reduced in
the ASD group. Based on these findings and other evidence, we hypothesize that weak
modulation from the amygdala to the neocortex—through which emotion rapidly
modulates various types of perceptual, cognitive, and motor processing functions—
underlies the social atypicalities in individuals with ASD.

Keywords: amygdala, autism spectrum disorder (ASD), emotion, emotional facial expression, functional magnetic
resonance imaging (fMRI)

INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental condition associated with atypicalities in
reciprocal social interaction (1). Characteristic symptoms of social atypicalities in individuals with
ASD include difficulty in perception and recognition of faces and facial expressions (2-4), eye gaze
(5-7), action (8-10), and the inner states (11-13) of other individuals.

The neurocognitive mechanisms underlying the social atypicalities of ASD remain elusive.
Psychological studies have shown that various types of social cognitive processes are atypical in
individuals with ASD compared with those of typically developing (TD) individuals; these atypicalities
include emotional, perceptual, cognitive, and motor processing (14). In ASD groups, functional
neuroimaging studies also revealed atypical brain activity associated with processing of social stimuli
in multiple brain regions, including the amygdala, fusiform gyrus, superior temporal sulcus, and
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inferior frontal gyrus (15-17). However, it remains difficult to
integrate these divergent psychological and neuroscientific
findings to explain the social atypicalities of ASD.

In this article, we briefly review our psychological and
neuroscientific findings and present a neurocognitive model
seeking to further the understanding of this issue. Our
psychological experiment revealed that individuals with ASD
exhibit impaired rapid emotional modulation of attentional shift
triggered by gaze. Our functional magnetic resonance imaging
(fMRI) study demonstrated that individuals with ASD exhibit weak
modulatory effects from the amygdala to the neocortical network
during the observation of facial expressions. Based on these
findings and other evidence, we speculate that weak modulation
from the amygdala to the neocortex, via which emotion rapidly
modulates various types of perceptual, cognitive, and motor
processing functions, underlies the social atypicalities of
individuals with ASD.

Psychological Study of Emotional
Modulation of Reflexive Joint Attention
In the first psychological experiment, we investigated the
modulatory effect of emotion on reflexive joint attention (18).
Clinical observations have suggested that one of the most
obvious social atypicalities in individuals with ASD is a deficit of
joint attention with others (19). However, a number of
experimental psychological studies found that individuals with
ASD can exhibit intact reflexive joint attention using the cueing
paradigm (20, 21). In an effort to resolve this discrepancy, some
studies in TD individuals showed that reflexive joint attention
can be positively modulated by emotional facial expressions,
especially when presented dynamically (22-29), although the
effects with static expressions are still debated (30). A
developmental study showed that this emotional enhancement
of joint attention starts by at least 7 years of age (28). Some
studies found that higher autistic traits are associated with
weaker emotional enhancement of reflexive joint attention (27,
31). Numerous studies reported that individuals with ASD are
impaired in terms of processing emotions in facial expressions
(2-4, 32), even at the rapid, unconscious processing stage (33);
thus, we hypothesized that individuals with ASD would show
impaired joint attention when gaze cues were combined with

emotional facial expressions. However, direct evidence of this
was lacking. Other studies testing the integration between gaze
and emotional expressions in individuals with ASD using
different paradigms have reported mixed findings (34-38).

We tested this hypothesis in adolescent/adult individuals with
ASD and TD controls using a dynamic fearful gaze as the cue of
the cueing paradigm.

Methods

We tested 11 high-functioning individuals with ASD (three
women; mean * SD age, 17.5 * 6.5 years) and 11 age- and sex-
matched TD individuals (three women; mean + SD age, 19.5 +
2.2 years). All participants in the ASD group had intelligence
quotients (IQs) in the normal range and were diagnosed with
Asperger’s disorder or pervasive developmental disorder not
otherwise specified (PDD-NOS) with milder symptoms of
Asperger’s disorder.

As cue stimuli, dynamic fearful and neutral facial expressions
with changing gaze directions were presented (Figure 1);
dynamic expressions were created from the photographs of
neutral and fearful faces (39) using computer morphing.
Stimuli were sequentially presented from neutral to 100%
fearful under fearful gaze conditions. Under the neutral gaze
condition, only the gaze direction was dynamically changed.

In each trial (Figure 1), after point fixation, a dynamic fearful
or neutral facial cue with the eyes directed toward either the left
or right was presented at the center of the monitor. Subsequently,
a target letter “I” appeared in either the left or right visual
field Participants were instructed to specify as quickly as
possible whether the target appeared by pressing a button; the
reaction times (RTs) of button pressing were measured. The
participants were instructed that the cues were non-predictive of
target appearance.

Results

The RT differences between valid and invalid conditions were
used as indices of the gaze cueing effect. One-sample ¢-tests for
RT differences (Figure 1) showed that the gaze cueing effects
were significantly greater than zero in response to both fearful
and neutral cues in both the ASD and TD groups. Emotion (fear,
neutral) x group (ASD, TD) analysis of variance revealed a
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FIGURE 1 | Study by Uono et al. (18). (Left) llustration of dynamic fearful gaze. (Right) Mean (+ standard error) reaction time differences between invalid and valid
gaze conditions for autism spectrum disorder (ASD) and typically developing (TD) groups.
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significant main effect of emotion and a significant interaction.
Follow-up analyses of the interaction demonstrated that the
gaze cueing effect was significantly greater in response to
fearful cues than to neutral cues in the TD group, but not in
the ASD group.

Discussion

Our data under the neutral condition confirmed that gaze cues
triggered reflective joint attention in individuals with ASD as
observed in previous studies.

More importantly, the gaze cueing effect was greater in
response to fearful cues than to neutral cues only in the TD
group. The results demonstrate that a dynamic emotional
gaze does not facilitate reflexive joint attention in individuals
with ASD. Our results may, at least in part, account for the
discrepancy between clinical observations and experimental
findings in terms of joint attention in individuals with ASD. In
naturalistic communication, emotional gaze by other individuals
provides important information regarding their evaluation of
attended objects (40) and their inner mental state (41).
Therefore, although TD individuals evidently show reflective
joint attention with the facilitative effect of emotion, individuals
with ASD may fail to show such emotional joint attention; this
lack of attention may result in difficulty in social learning and
social interaction.

Our results indicate that emotional modulation of attentional
processing is impaired in individuals with ASD, although their
reliability should be further confirmed due to the relatively small
sample size and several possible confounding factors (e.g., age).
Similar findings have been reported in other studies that
used different experimental paradigms. For instance, one
previous study using the visual search paradigm showed that
the facilitated perception of happy facial expressions in TD
individuals was lacking in individuals with ASD (42). When
dynamic facial expressions with subtle emotions were presented
and participants were instructed to match the image in the
response panel to the final image of the stimulus, individuals
with ASD were less likely to perceive exaggerated facial
expressions than were TD individuals (43). Another study
showed that automatic congruent facial responses to emotional
facial expressions were reduced in individuals with ASD
compared with TD individuals; however, basic facial motor
functions were not impaired in individuals with ASD (44).
These data suggest that emotional modulation of various types
of perceptual, cognitive, and motor processing functions may be
atypical in individuals with ASD.

fMRI Study of the Amygdala-Neocortex
Network During Facial Expression
Processing
In the second fMRI experiment, we explored the functional
neural networking patterns underlying atypical processing of
dynamic facial expressions (45).

Multiple previous fMRI studies have evaluated the brain
activities associated with atypical facial expression processing
in individuals with ASD [e.g., (46)]. Although the results varied

somewhat, most studies reported that observation of emotional
facial expressions induced less activation in the ASD group than
the TD group, in both subcortical regions (e.g., the amygdala)
and neocortical regions (e.g., the fusiform gyrus, superior
temporal sulcus, and inferior frontal gyrus). A considerable
body of neuropsychological and neuroimaging evidence from
TD individuals implies that these brain regions are related to
specific social information processing, such as emotional
evaluation in the amygdala (47), visual decoding of faces in the
fusiform gyrus and superior temporal sulcus (48), and action-
observation matching in the inferior frontal gyrus (49). These
data suggest that reduced activity in these subcortical and
neocortical regions may underlie atypical facial expression
processing in individuals with ASD. Among these regions, the
amygdala has long received much attention in ASD research
based on divergent lines of evidence; for example, the amygdala
works as a hub for brain regions associated with social perception
and social affiliation (50), which are affected in individuals with
ASD; amygdala-damaged monkeys show abnormal behavioral
symptoms similar to ASD (51, 52); and the amygdala in
individuals with ASD show structural regional abnormalities,
both microscopic (53, 54) and macroscopic (55, 56), and
connectivity abnormalities (57).

However, the coupling patterns between the subcortical and
neocortical regions during observation of emotional facial
expressions in individuals with ASD remain unclear. A
previous study (58) investigated this issue in TD individuals by
analyzing fMRI data while the participants observed dynamic
facial expressions using dynamic causal modeling (DCM); this
allows inferences to be drawn about the causal and directional
effects among brain regions (59). The models compared included
those considering a modulatory effect of dynamic expressions
from the amygdala to the neocortical network, from the
neocortical network to the amygdala, and a joint effect. The
optimal model was that featuring a modulatory effect from the
amygdala to the neocortical network. This result is compatible
with anatomical findings in monkeys; specifically, the amygdala
receives inputs via subcortical visual pathways that bypass the
neocortical visual pathways (60), and it sends projections to
many neocortical regions, including the visual and motor
cortices (61). Based on these data and the above-described
psychological findings on reduced emotional modulation of
facial expression processing in individuals with ASD, we
hypothesized that modulation of the neocortical network by
the amygdala during observation of dynamic facial expressions
may be reduced in individuals with ASD.

We tested this hypothesis in an fMRI experiment with ASD and
TD groups. The participants passively observed dynamic facial
expressions of anger and happiness and dynamic randomized
mosaic images (control stimuli). Following analysis of group
differences in regional brain activity, we performed DCM
and compared models featuring modulation of dynamic
expressions from the amygdala to the neocortical network, from
the neocortical network to the amygdala, and a joint effect. We
predicted that the first model would optimally explain the between-
group differences.
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Methods

We tested 31 high-functioning individuals with ASD (nine
women; mean * SD age, 27.2 + 8.5 years) and 31 age- and sex-
matched TD individuals (nine women; mean + SD age, 24.2 + 1.0
years). All participants in the ASD group had IQs in the normal
range and were diagnosed with Asperger’s disorder or PDD-
NOS with milder symptoms of Asperger’s disorder.

The dynamic expression stimuli used were video clips of
Japanese models that progressed from neutral to angry or from
neutral to happy in terms of facial expression (Figure 2).
Dynamic randomized mosaic images were created using the
same materials. All dynamic expression frames were divided
into very small squares and randomly re-ordered to yield
dynamic information lacking facial features. Corresponding to
the original dynamic expressions, the mosaic image stimuli were
serially presented as a moving clip.

During each stimulus trial, after point fixation, the dynamic
face or dynamic mosaic stimulus was presented. During each
dummy-target trial, a red cross was presented instead of the
stimulus and participants were instructed to press a button when
the cross appeared.

Image scanning was performed with the aid of a 3-T
scanning system at ATR Brain Activity Imaging Center.

Image analyses (Supplementary Figure 1) featured standard
preprocessing procedures and statistical tests at the group level
(62). For data analyses, first region of interest (ROI) analyses
were conducted using multivariate analyses of covariance and
follow-up univariate ¢-tests. Then, DCM was performed in a
standard manner (63-65). To investigate the direction of
functional interaction between the amygdala and neocortex,
seven brain regions (the pulvinar, amygdala, primary visual
cortex, fifth visual area, fusiform gyrus, superior temporal
sulcus, and inferior frontal gyrus) of the right hemisphere
were selected (Figure 2). The coordinates of each ROI were
derived from the results of a previous study (58). We assumed
that the neocortical, social signal processing, network was in
play based on previous evidence (66, 67). We also assumed that
the subcortical visual pathway to the amygdala processed
emotional facial expressions based on previous evidence (68,
69). Three models were constructed in terms of the direction of
the modulatory effects (i.e., change in the connectivity between
regions caused by experimental manipulation) of dynamic
facial expressions: from the amygdala to the neocortex,
from the neocortex to the amygdala, and bidirectional
(Figure 2). We compared these models and selected that
which optimally explained the data (70). Between-group
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FIGURE 2 | Study by Sato et al. (45). (Upper) Regions of interest in terms of regional brain activity and dynamic causal modeling analysis rendered on the spatially
normalized brain of a representative participant. The degree of activation (a stronger response to dynamic facial expressions vs. dynamic mosaics in typically
developing (TD) vs. autism spectrum disorder (ASD) groups) is overlaid using a red-yellow color scale. (Middle) Models for differences between ASD and TD groups
in terms of the modulatory effect of dynamic expression in dynamic causal modeling. Arrows indicate intrinsic connections between brain regions. Red circles
indicate modulation of dynamic expression. (Lower left) llustration of dynamic facial expression. (Lower right) Results of model comparison for group differences.
Amy, amygdala; FG, fusiform gyrus; IFG, inferior frontal gyrus; STS, superior temporal sulcus; V5, fifth visual area/middle temporal area.
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differences in the modulatory effects of dynamic expressions
were also evaluated (71).

Results

ROI analyses revealed that activities in the predefined brain
regions during observing dynamic facial expressions (compared
with dynamic mosaics) were significantly lower in the ASD than
the TD group.

We used DCM to compare three models of the modulatory
influences of dynamic facial expressions between the amygdala
and neocortical network (Figure 2). This revealed that modulation
of dynamic facial expressions from the amygdala to the neocortical
network best explained the differences between the ASD and TD
groups (Figure 2). The profile of modulatory effects demonstrated
that modulation of dynamic expressions was reduced in all
connections from the amygdala to the neocortical regions in the
ASD group.

Discussion

The overall activities of the subcortical and neocortical regions
involved in specific aspects of facial expression processing (e.g.,
the amygdala) were reduced in the ASD group during
observation of dynamic facial expressions. These results are
largely consistent with previous findings (46, 72).

Furthermore, DCM demonstrated that the model featuring
modulation of dynamic facial expression from the amygdala to
the neocortical network optimally explained the differences
between the ASD and TD groups. The ASD group exhibited
reduced modulation. The atypical functional networking
patterns in individuals with ASD are in line with the previous
description of weak modulation of dynamic expression within
neocortical regions (72) and weak resting-state connectivity
between the amygdala and neocortical regions (73) in ASD
groups. However, this is the first evidence that modulation
from the amygdala to the neocortex is weak in individuals with
ASD during dynamic facial expression processing.

Neurocognitive Model of Weak
Amygdala’s Modulation in Autism

In summary, our psychological data demonstrate that
individuals with ASD exhibit impaired rapid emotional
modulation of attentional shift triggered by gaze. Our fMRI
study demonstrated that individuals with ASD exhibit weak
modulation from the amygdala to the neocortex during facial
expression processing.

Although there is minimal direct evidence in individuals with
ASD related to these topics, findings and theories in TD
individuals have provided suggestions to further understand
these psychological and neural phenomena. From a
psychological perspective, considerable evidence and influential
theories suggest that emotional processing can be rapidly
implemented, even before subjective stimulus perception (74).
Abundant evidence and theories suggest that emotional
processing can modulate various types of other cognitive and
motor processes (75, 76). Furthermore, psychological theories of
emotion suggest that emotional processing is conducted for each

external stimulus regardless of clear subjective experience (77).
These data suggest that rapid emotional modulation of other
processes is important in social interaction.

From a neural perspective, previous functional neuroimaging
studies in TD participants have revealed that the amygdala
implements emotional processing of external stimuli, even
before conscious perception of the stimuli, via subcortical
visual pathways (68, 78). Electrophysiological studies directly
recording electric amygdala activity demonstrated that emotion-
related activity occurs in the amygdala within 100 ms (79).
Earlier DCM of electrophysiological data from TD participants
suggested that modulation of dynamic facial expressions from
the amygdala to the neocortical network commences before 200
ms (58). Other electrophysiological studies with TD individuals
also showed that the emotional modulation of the neocortex
during facial expression processing begins at approximately
200 ms (80, 81). Collectively, these data suggest that the
amygdala rapidly modulates activity in the neocortex via the
subcortical visual pathway, in accordance with the emotional
significance of stimuli.

Based on our results, together with these data, we formulate a
hypothesis regarding the neurocognitive mechanisms underlying
social atypicalities of ASD (Figure 3). From a psychological
perspective, individuals with ASD have weak implementation of
[1] rapid emotional processing and [2] emotional modulation of
diverse processing of social stimuli. From a neural perspective,
individuals with ASD have reductions in [1] rapid emotion-related
amygdala activity via the subcortical visual pathway at
approximately 100 ms and [2] emotion-related modulation from
the amygdala to the widespread neocortical network at
approximately 200 ms, which are associated with modulated
perceptual, cognitive, and motor processing of social stimuli.
This hypothesis can integrate previous psychological and
neuroscientific findings of atypicalities in divergent psychological
and neural processing in individuals with ASD, as described in
the Introduction.

We also hypothesize that the neurocognitive mechanisms of
weak amygdala modulation may be important during early
development in individuals with ASD. Researchers have
proposed that subcortical regions functioning from early
infancy, such as the amygdala, show a bias to face- and eye-
like stimuli; these regions develop cortical specialization for face
and gaze processing through modulation of cortical activity (82).
An anatomical study with large samples identified the smaller
volume of subcortical regions (e.g., the amygdala) throughout
development in individuals with ASD compared with TD
individuals (56). However, it is unclear whether infants later
diagnosed with autism initially exhibit a lack of bias to face and
direct gaze (83). Investigation of the response to emotional facial
expressions might be a promising approach to more effectively
differentiate typical infants from infants with high risk of autism,
because emotional facial expression triggers a robust activation
of the amygdala (84); moreover, emotional sharing during joint
attention facilitates the development of social functions (85).
There have been few studies regarding this perspective in early
infancy, although a recent study demonstrated a comparable
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FIGURE 3 | Hypothetical neurocognitive mechanisms underlying social atypicalities of autism spectrum disorder (ASD). In this model, individuals with ASD exhibit
weak emotion-related activation in the amygdala via the subcortical visual pathway at approximately 100 ms (left). They also exhibit weak modulation from the
amygdala to the widespread neocortical network, which is associated with modulated perceptual, cognitive, and motor processing functions of social stimuli, at

attentional bias to fearful facial expressions in infants at low and
high risks of ASD (86). To confirm the hypothesis of weak
amygdala modulation in response to social stimuli, future studies
should explore the processing of emotional facial expressions
and the underlying neural correlates in individuals with ASD
from infancy to adulthood.

Our hypothesis positing weak amygdala’s modulation of the
widespread neocortical regions may have practical implications,
suggesting that improved amygdala activity might exert several
positive effects on perceptual, cognitive, or motor processing of
social stimuli. Consistent with this notion, a previous study has
shown that electrical stimulation of the amygdala in individuals
with ASD modified their autistic symptoms and face-to-face
interaction behaviors (87). The influence of oxytocin may also be
relevant. Some previous psychological studies have shown that
intranasal administration of oxytocin to individuals with ASD
facilitated their perceptual and cognitive processing of emotional
facial expressions (88, 89). An fMRI study demonstrated that
improved emotion recognition based on facial expressions due to
intranasal administration of oxytocin was associated with increased
amygdala reactivity in response to facial stimuli in ASD and TD
participants (90). Modulation from the amygdala to the neocortical
regions may thus explain the behavioral influences of oxytocin in
individuals with ASD, although the effect of oxytocin on social
atypicalities in ASD remains controversial (91). In sum, electrical or
pharmacological intervention to modulate the activity of the
amygdala may usefully improve social functioning in individuals
with ASD.

However, it must be noted that several issues remain, and future
extension of this work is needed. First, because the hypothetical
model was proposed based on relatively few findings, more
evidence is needed, especially neuroscientific evidence. Because
psychological studies have demonstrated atypical emotional
modulation of social stimuli in individuals with ASD using
various types of psychological tasks (e.g., the cueing paradigm),
neuroimaging investigation using such tasks could provide direct

tests of the neurocognitive model we proposed. Testing different
stimuli (e.g., movies and live interactions) would be valuable, as
previous fMRI studies have reported different activation patterns
with different stimuli; for example, static social stimuli evoked
different patterns of neural activity compared to dynamic stimuli in
individuals with ASD (46, 72).

Second, because findings regarding ASD could be subject to
multiple confounding factors, such as trait anxiety (92) and
alexithymia (93), which could be associated atypical amygdala
function (94, 95), further investigations would be needed to
separate the effects of core ASD symptoms from the effects of these
factors on psychological and neural activity in the proposed model.

Third, the neurocognitive model we propose in this article may
not be specific to ASD but common across several
neurodevelopmental and neuropsychiatric disorders. Some
studies have reported behavioral problems having to do with
emotional modulation and neurological abnormalities in
amygdala activity and connectivity in other clinical groups. For
example, previous studies have reported that individuals with
attention-deficit hyperactivity disorder were impaired in emotion
recognition from facial expressions (96) and showed atypical
amygdala activity (97). Both the sensitivity and specificity of the
model in describing the social atypicalities of ASD should be tested.

CONCLUSIONS

Based on our psychological and neuroimaging data and other
related evidence, we presented our hypothetical neurocognitive
model that weak modulation from the amygdala to neocortical
regions—through which emotion rapidly modulates various types
of perceptual, cognitive, and motor processing functions—
underlies social atypicalities in individuals with ASD. Our model
may enable integration of divergent psychological and
neuroscientific findings showing atypical psychological and
neural processes in individuals with ASD. However, the model
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lacks sufficient evidence. We hope that our hypothesis will
stimulate empirical research regarding social atypicalities in
individuals with ASD.
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