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Abstract: Autism spectrum disorder (ASD) is a challenging neurodevelopmental disorder
with symptoms in social, language, sensory, motor, cognitive, emotional, repetitive behavior,
and self-sufficient living domains. The important research question examined is the elucidation of the
pathogenic neurocircuitry that underlies ASD symptomatology in all its richness and heterogeneity.
The presented model builds on earlier social brain research, and hypothesizes that four social brain
regions largely drive ASD symptomatology: amygdala, orbitofrontal cortex (OFC), temporoparietal
cortex (TPC), and insula. The amygdala’s contributions to ASD largely derive from its major
involvement in fine-grained intangible knowledge representations and high-level guidance of gaze.
In addition, disrupted brain regions can drive disturbance of strongly interconnected brain regions to
produce further symptoms. These and related effects are proposed to underlie abnormalities of the
visual cortex, inferior frontal gyrus (IFG), caudate nucleus, and hippocampus as well as associated
symptoms. The model is supported by neuroimaging, neuropsychological, neuroanatomical, cellular,
physiological, and behavioral evidence. Collectively, the model proposes a novel, parsimonious,
and empirically testable account of the pathogenic neurocircuitry of ASD, an extensive account of
its symptomatology, a novel physiological biomarker with potential for earlier diagnosis, and novel
experiments to further elucidate the mechanisms of brain abnormalities and symptomatology in ASD.

Keywords: autism; pathogenic mechanisms; amygdala; orbitofrontal cortex; temporoparietal cortex;
insula; intangible knowledge; paradoxical functional facilitation; biomarker

1. Introduction

Autism spectrum disorder (ASD) is a familiar neurodevelopmental disorder, with a complex and
heterogeneous symptomatology that normally persists throughout life. Estimates of the prevalence
of ASD have increased over the years, largely for methodological reasons but likely for others as
well [1–4]. Recent prevalence estimates of ASD range from 1.46–2.50% [5–7]. ASD is markedly
heterogeneous, and some researchers regard it as a family of disorders, “the autisms” [8]. For instance,
language function may range from absence of any language to largely typical levels of competence [9,10].
Again, IQ may range from intellectual disability (ID), found in about two thirds of ASD individuals,
through average IQ, to high IQ [11–13].

Knowledge of ASD symptomatology continues to develop, and it has become evident that ASD
symptomatology encompasses multiple abnormalities in the social, language, sensory, motor, cognitive,
emotional, repetitive behavior, self-care, and daily living skills domains, and many of these often
start to emerge during infancy [14–27]. ASD is often a distressing, unhappy state for the sufferer [22].
For their families and carers, it is enormously stressful and troubling, and detrimental to many aspects
of life including aspirations, marriage, finances, wellbeing, and health [28–33]. Early diagnosis and
commencement of treatment, however, yield clinical benefits and markedly reduced care costs [7,34,35].
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Together, ASD is a complex, heterogeneous, disabling, and refractory disorder. Importantly,
ASD seems to be a unitary disorder. Constantino et al. examined the factor structure of ASD by
applying several statistical procedures, cluster analysis, and principal components factor analysis to
data collected by standard questionnaires from parents and teachers of ASD children and adolescents.
The findings were that there was a single unitary factor underlying ASD symptomatology [36].
Such findings have been replicated by other research groups [37,38]. Thus, there is likely a common
pathogenic mechanism that underlies ASD, with heterogeneity of symptomatology largely deriving
from variations in severity.

In this work, the research question examined is: What are the pathogenic neural circuits that
explain ASD symptomatology in all its richness? The major symptoms and features of ASD are first
summarized, as these objectively set out the scientific challenge, and what has to be explained by a
model of the pathogenic mechanisms. A theoretical model of ASD is then presented that sets out the
major neurocircuitry disruptions of the disorder, which, through direct and indirect dysfunctions,
can extensively explain ASD symptomatology and features.

At the level of disrupted neurocircuitry, disruption of four social brain regions is hypothesized to
largely drive ASD symptomatology, and these social brain regions are the amygdala, orbitofrontal cortex
(OFC), temporoparietal cortex (TPC), and insula. The model builds on the rich body of research and
hypotheses of social brain region involvement in ASD (e.g., [39–44]). Further brain regions commonly
display structural and functional abnormalities in ASD, including visual cortical areas, prefrontal cortex
(PFC) subregions, caudate nucleus, and putamen subregions of the basal ganglia, hippocampus,
sensorimotor cortex, cerebellum, and thalamus [45–49]. A number of these abnormalities, however,
are hypothesized to be driven by the four disrupted social brain regions or by ASD symptoms,
and relevant evidence is summarized. That is, such abnormalities are interpreted in terms of the
established concept of the spread of disturbance to strongly interconnected brain regions or related
concepts [50–53].

At the symptomatology level, many symptoms are hypothesized to flow directly from the four
social brain regions’ disruptions, and are consistent with those brain regions’ known processing.
This information is set out, and is intended to comply with the framework of the research domain
criteria (RDoC), in that the disordered neurocircuitry level of analysis is related to disturbed features,
behaviors, cognitions, and other symptom domains [54–56]. In addition, many further symptoms
are sequelae or consequences of the directly caused disruptions and dysfunctions, and these are
summarized together with supporting empirical evidence. That is, such symptoms are interpreted in
terms of disruption of strongly interconnected brain regions, Wing’s “secondary behaviour problems”,
compensatory, and adaptive responses [50–53]. For simplicity, these are collectively termed sequelae.
Together, substantive explanations are offered for extensive ASD symptoms and features including:
disordered visual scanpaths, apparent social disinterest, indiscriminate visual and auditory processing,
abnormal sensory sensitivities, preference for concrete-level cognition, impaired conceptual processing,
rote learning, inflexible repetitive routines, aspects of poor self-care and impaired daily living skills,
stress, dysphoric emotions, stereotypies, and self-injurious behaviors (SIBs). Thus, the model has
substantial explanatory power. In addition, clarification of those symptoms and features that are
directly caused and those that are sequelae is novel and important as it brings some order to the
complex symptomatology of ASD, and it should constrain and focus the search for the pathogenic
mechanisms of ASD. Further, the model should facilitate the development of interventions that are
based on pathogenic mechanisms.

2. Major Symptoms and Features of ASD

ASD comprises a multiplicity of abnormalities, commonly affecting sensory, motor, cognitive,
emotional, repetitive behavior, activities of daily living, social, and language domains [26,57–60],
and these are summarized in turn below. The essence of ASD symptomatology is summarized by
Jolliffe et al. [61].



Brain Sci. 2019, 9, 130 3 of 41

“I feel it [the definition of autism] should have read, ‘an inability to understand reality in the first
place and that this itself leads to a person being withdrawn’. This is where the problem in forming
relationships and relating to other people comes in. The latter is difficult to do because you have never
been able to make any sense of reality, and thus cannot understand why you should, and how you
should, form a relationship, not that you have just withdrawn from reality. Reality to an autistic person
is a confusing, interacting mass of events, people, places, sounds and sights. There seem to be no clear
boundaries, order or meaning to anything. A large part of my life is spent just trying to work out the
pattern behind everything. Set routines, times, particular routes and rituals all help to get order into
an unbearably chaotic life . . . . . . It is the confusion that results from not being able to understand
the world around me which I think causes all the fear. This fear then brings a need to withdraw.”
(pp. 15–16).

These observations are supported by additional accounts written by high-functioning ASD
individuals or those closest to them (e.g., [62–65]). ASD symptomatology is being further elucidated
by empirical investigations, as summarized next.

2.1. Sensory Abnormalities

Low-level visual functions were found to be essentially intact in an extensive review of the
empirical literature [66], but high-level visual abnormalities are commonly reported. A number
of experimental studies have recorded with eye-tracking instruments the visual scanpaths that are
executed during the viewing of social scene pictures or video clips by ASD and typically developing
(TD) subjects. The findings are that TD subjects execute organized scanpaths that are commonly
directed to meaningful and significant components of scenes, such as human faces, eyes, and mouths,
and the objects with which they interact. In contrast, ASD subjects execute somewhat disorganized
and atypical scanpaths through scenes, that include fixations on meaningless areas, such as parts of
surfaces, or of the background, or near peripheral objects such as a light switch ([67–75]; see for ASD
studies meta-analysis, [76]).

A further common visual abnormality is that ASD individuals frequently fail to filter visual
stimulation. TD individuals visually process only limited components of the visual environment,
mainly those that are salient or meaningful in some way (see preceding paragraph [68]). In contrast,
ASD individuals visually process indiscriminately the profusion of stimuli, however trivial or irrelevant,
such as small food objects on a carpet, air or dust particles, details of the paper and print of a page that is
being read, and so forth [53,65,77,78]. A possibly related abnormality concerns visual hypersensitivity.
This involves excessive visual sensitivity to bright lights, the flicker of florescent lighting, and other
background stimuli, and is frequently disturbing in ASD [63,79].

A prominent symptom is that ASD individuals commonly display apparent disinterest, or more
precisely fail to display the usual enhanced visual interest, in most other people [58,61,80,81]. Kanner,
for example, reported that ASD children commonly paid similar levels of attention to the humans in his
office, as they did to the furniture, lights, and other inanimate objects. Nonetheless, recognition of faces
and of other objects by ASD individuals is intact, so cannot account for this abnormality. This intact
ability is evidenced by a comprehensive review of behavioral studies which found that ASD individuals
process face recognition as TD individuals do, the results of earlier reviews, and subsequent empirical
behavioral evidence [66,82–84]. It is also evidenced by neuroimaging findings in ASD that the fusiform
gyrus (FG), a principal brain region that processes face recognition, has the capacity for TD magnitudes
of activation, although it is normally hypoactive relative to TD [46,85–90].

A further common visual system abnormality is that ASD individuals relative to TD individuals
preferentially recruit visual cortical areas for processing diverse cognitive tasks, such as the embedded
figures task, arithmetic tasks, word learning tasks, and social understanding tasks, while achieving
normative levels of behavioral performance (see for meta-analysis, [91]; see also [92]).

Auditory abnormalities parallel those of the visual modality. Basic sensory function is generally
normal in ASD according to audiometric tests [93–95], but high-level auditory abnormalities are
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frequent. Behaviorally, ASD children are frequently inattentive to significant sounds such as a parent’s
voice or their own name, according to observational and experimental evidence [61,80,96–98]. Further,
neural high-level processing of speech sounds in ASD groups does not display the enhancement of TD
groups, whereas neural processing of matched control sounds is not significantly different between
groups, as measured by event-related brain potentials or functional magnetic resonance imaging
(MRI) [99–103]. ASD individuals commonly report poor filtering of irrelevant sounds, and their
audition is generally indiscriminate and unselective. This leads to a profusion of stimulation for
processing, and much distraction and disturbance from background sounds [61–63,65,104].

Nociceptive (pain) processing is commonly disturbed in ASD according to self-report,
questionnaire, observational, and neuroimaging studies [25,81,104–107]. Self-report, observational,
and neuroimaging evidence support commonly impaired sensitivity to conditions of heat and cold
in ASD [30,53,58,65,108,109]. Numerous empirical studies have examined tactile hypersensitivity,
hyposensitivity, and sensation seeking in ASD, predominantly using questionnaire and observational
methods. Such studies have commonly reported tactile abnormalities, but findings are often
inconsistent and inconclusive (see for review [110]). Difficulties in toileting are common in ASD [111],
and poor viscerosensory awareness of bladder and bowel state contribute to such difficulties [61,65].
Impaired awareness of such bodily states as hunger and thirst are also experienced in ASD [104,112].

The proprioceptive system senses and represents position and movement of the body and its
parts, and the vestibular system senses and represents absolute motion in space and position of the
head and body [113]. Dysfunction of these systems is evidenced by reports of ASD individuals,
questionnaire findings, and poor results on neurological tests [19,25,63,65,104,114–116]. Nevertheless,
examination of proprioceptive performance on arm and fingertip tasks in ASD adolescents with
confirmed movement impairments revealed intact low-level proprioceptive representations in this
group [117], suggesting that impairments may be high-level ones. In sum, diverse sensory systems are
commonly disturbed in ASD.

2.2. Motor Abnormalities

Posture, gait, coordination, and gross and fine motor skills have been examined in neurological
and experimental studies, and the findings are that there are substantial impairments in these domains
in ASD relative to TD groups (see for review of motor skills [118]; see also [25,116,119–121]). In a study
of bodily dimensions recruited in motor functions, ASD and TD subjects were required to estimate
maximum arm reach, maximum hand grip aperture, and hand width, and these were compared
to actual achieved values. The ASD group was significantly and markedly inaccurate compared to
the TD group [122]. The action observation system, which is involved in the perception of others’
movements, was found not to be impaired in ASD [123]. Social and expressive gestures are often
limited in variety, and may be performed infrequently, inappropriately, or poorly coordinated with
other forms of expression [58]. In sum, there is substantive evidence of motor impairments in ASD,
but there are numerous inconsistencies in the literature, and emerging confounds have often not been
controlled [118].

2.3. Cognitive Abnormalities

A major research topic has focused on theory of mind (TOM), which is the knowledge that
individuals develop of their own and others’ mental states that facilitates understanding of behavior.
A meta-analysis of such studies found a significant and large impairment of TOM in ASD adults versus
TD controls [124]. A further facet of social cognition has been experimentally studied and is commonly
impaired in ASD. Studies using silent film clips in which several geometric figures move and interact
with one another [125] have found that ASD subjects’ reports on these film clips, relative to those
of matched TD controls, are impoverished, omit a substantial proportion of social interpretations,
describe fewer mentalistic or emotional items or use the corresponding terms inappropriately or
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irrelevantly, and observe fewer personality characteristics. Instead, ASD subjects’ reports mostly
comprise physical-level cognition [126–129].

Abstract concept processing is frequently and significantly impaired in ASD. Grandin reported
difficulties in mastering and understanding abstract concepts such as those of ‘over’, ‘liberty’,
and ‘the future’ [62,130]. In studies of ASD individuals and matched TD controls, batteries of
concept tests have been administered, and the findings were that aspects of concept processing
were commonly impaired [27,131–134]. A likely related deficit is the inability of ASD individuals to
generalize [27,132,134]. That is, a rule or solution that is learned in a particular situation, is rarely
applied in different or novel situations that share common features with the learning situation,
and where the rule could be applied [61,68,78,132,134].

Cognition at the concrete- or physical-level is generally preferred in ASD, and this is supported by
the preferential processing of social situations at the physical-level reported above (see also [74]). Further,
in a sorting task ASD children sorted more frequently on concrete features (color, size), whereas TD
and ID comparison groups sorted more frequently on category membership (sports, games) [135].
Grandin’s cognition operates overwhelmingly in concrete visual images, and needs to transform abstract
concepts into concrete visual images for processing and understanding [62,130]. Likewise, the increased
recruitment of posterior visual regions in ASD relative to TD groups, to process diverse cognitive
tasks [91,92], suggests enhanced use of concrete visual imagery to generate solutions. The concrete
cognition preference may also develop into the circumscribed interests of ASD. These mostly comprise
physical, mechanical, or rote knowledge, are frequently pursued with passion, accumulate vast amounts
of factual information on the chosen topic, but rarely develop to higher-level conceptual knowledge,
and may progress to the outstanding abilities of a substantial minority of ASD individuals [12,136–140].
Such concrete preferences may commence early in life, as ASD toddlers were found overall to visually
fixate for longer on moving geometric images than on moving social images, and for longer than did
matched toddlers with TD, developmental delay (DD), other developmental conditions, and unaffected
siblings of ASD probands [141,142].

Specific memory functions may be impaired in ASD. Tasks with requirements for memory for faces
or for words were found by systematic reviews and meta-analysis to be impaired in ASD compared to
TD groups [84,124]. Everyday memory refers to the types of memory demands that occur in real life,
such as remembering where an object was previously placed, or to post a letter on encountering a post
box. Such memory was assessed with a number of subtasks of the Rivermead Behavioral Memory Test,
and ASD individuals were found to be significantly impaired on a number of them, particularly those
that tapped prospective memory (i.e., remembering to remember) [143]. In sum, multiple forms of
cognition are commonly impaired in ASD.

2.4. Emotion Function

ASD individuals experience diverse emotions, suggesting the capacity for subjective emotions
is intact, but emotions can contribute to symptomatology. The subjective emotions of pleasure, joy,
and enjoyment are recorded in self- and clinical reports of ASD individuals [61,80,138]. An empirical
study examined by self-report questionnaire ASD adolescents and matched TD controls, and found
that the groups did not differ on subjective pleasure ratings elicited by physical or other sources
(e.g., eating, scents, achievement of a goal), but both groups reported social interactions to be mildly
unpleasant, the ASD group significantly more so than the TD controls [144].

Love is experienced by ASD individuals, according to self and observer reports [61,138].
For instance, an ASD child with an intense circumscribed interest in watches stated that he would
give away his favorite watch for a girlfriend [138]. A study that used parent completed questionnaires
found that ASD adolescents and young adults sought romantic relationships, but often pursued them
with inappropriate people (e.g., celebrities), and often with inappropriate forms of courtship [145].
In regards to friendship, a meta-analysis was performed on studies of friendship in ASD, that used
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self-, peer-, and parent reports. It was found that ASD boys do wish for friendships and successfully
form friendships, but these are fewer in quantity and lower in quality than those of TD controls [146].

Loneliness is an emotion that arises from deprivation of close loving relationships, or of a social
network [147]. An investigation of loneliness in ASD children and adolescents used observation,
social understanding testing, a self-report questionnaire, and a structured interview. In response to
specific questions on loneliness, a majority of ASD subjects demonstrated good understanding of this
emotion, and the ASD group reported significantly higher levels of subjective loneliness than the TD
group [147]. An interview study examining a wider range of emotions found substantial magnitudes
of loneliness to be frequent in ASD [22], and in a self-report questionnaire study findings of elevated
loneliness in ASD were again reported [148]. Thus, ASD individuals experience subjective love and
liking, and consequent loneliness when deprived of them.

Perceived stress levels, as assessed by questionnaire, have been found to be significantly and
greatly elevated in ASD compared to TD controls [149,150]. A further study measured cortisol
levels in children’s hair, and found significantly higher levels in the ASD compared to TD group,
which is evidence of chronic stress [151]. Anger, rage, and frustration are reported in ASD [61,80].
Substantial magnitudes of irritability and temper tantrums were reported by parents to be frequent in
ASD adolescents (prevalence of 55% and 25%, respectively) [22], and physical aggression prevalence
was reported at 30–56% in ASD samples [13,14,22].

Fear was reported by Jolliffe to dominate her life [61] (p. 16), and was elicited by diverse social
and non-social stimuli. Grandin also observed she was much troubled by severe fear and anxiety [62].
The prevalence of any clinical anxiety disorder has been reported at 42–84% in ASD samples [152–155].
Findings are somewhat inconsistent, in part for methodological issues [156].

Depression, despair, distress, and misery are further dysphoric emotions experienced in
ASD [22,61]. The prevalence of clinical depression in ASD samples has been found to range from
30–50% [22,152–154], and in an adolescent ASD sample 40% suffered ‘chronic unhappiness’ according
to parent report [22]. Collectively, many subjective emotions are intact and functional in ASD, but some
are abnormally intense and impairing.

2.5. Repetitive Behaviors

A diverse set of behavioral abnormalities is collected together into the domain of restricted
repetitive patterns of behavior, interests, or activities [58]. Examples are pacing and stereotyped
walking; rocking of the body; inflexible rituals that are integral to washing, dressing, and other
regular activities; insistence on sameness and intolerance of even trivial changes to environment,
routines, or rituals; circumscribed interests as described earlier; and SIBs such as hand biting or head
banging [58,107,157,158]. Models involving two or three subtypes of repetitive behaviors have been
generated [158–160], and in support of these developmental patterns, and associations with ASD
and patient variables, differ across subtypes [158,159]; such models have value but also limitations.
Repetitive behaviors appear early in life, many of them are persistent, and obstruction of them can
elicit severe reactions, including ‘meltdowns’. They are also one of the most difficult and disrupting
aspects of the disorder for caregivers [138,157,160–162].

2.6. Daily Living Skills Impairments

ASD individuals are frequently and disproportionately impaired in self-care and other activities
for self-sufficient living [16,163,164]. Feeding, for instance, is often disturbed; choice of what to
eat is particularly narrow and inflexible [58,165,166], and interoception of hunger and thirst is
often impaired [104,112]. Self-care difficulties in toileting, washing, and dressing are reported.
Poor awareness of bowel and bladder state, and impaired representation of body boundaries and of
body size relative to the size of a lavatory, have been reported [61,65]. In addition, Jolliffe reported an
inability to match each shoe to the corresponding foot, and seemed to have difficulty representing and
processing such body parts [61]. Williams reported dyspraxia of dressing, finding it difficult to put on
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clothing appropriately [65]. A further self-care deficit is poor understanding of the dangerousness
of objects and conditions. ASD individuals may walk on high ledges or other hazardous places,
in front of cars, or climb high into trees, with little apparent awareness of the dangerousness of their
situation [40,53,107,167]. ASD individuals frequently have difficulties in planning, decision-making,
and implementation of such daily living activities such as selecting clothing that is appropriate for
weather or social conditions, making telephone calls, using a restaurant, handling money, or using
public transport [22,108]. A meta-analysis of experimental studies that investigated planning skills
found significantly but moderately reduced performance in ASD compared to TD controls [168].
Together, living skills are commonly compromised in ASD, and likely entail multiple impairments.

Medical disorders are common in ASD, with one study finding that only 29% of ASD individuals
had excellent health according to parent reports [169]. Gastrointestinal (GI) disorders, sleep difficulties,
and epilepsy occur at elevated rates in ASD [58,169–173]. Enlarged head circumference (macrocephaly)
was found in 16% of ASD individuals but 3% of comparison individuals, and enlarged total brain
volume measured by structural MRI was found in 9% of ASD individuals in meta-analyses of relevant
studies [174].

2.7. Social Impairments

Social impairments are prominent features of ASD, and some of these have been summarized
in the sections above. ASD individuals commonly have difficulty making sense of social
situations, do not understand social cues, nor social conventions, and manifest impaired social
cognition [58,61,62,65,127–129]. They may treat fellow humans similarly to other objects, are apparently
disinterested in them or in forming relationships with them, often look through acquaintances despite
intact face recognition, and do not prefer their mother’s voice over control noises [58,61,80,84,96].
Such deficits likely compromise the development of joint attention and other social processes, that foster
diverse forms of learning. Social behaviors may be inappropriate, such as failing to respect personal
space, making candid comments, and contravening social conventions or ethics [58,61–63,80,175].

Many language skills in ASD, such as grammar and vocabulary, range along a continuum
from absence of them to largely typical levels of competence [9,10]. Pragmatic aspects of language
are almost universally impaired in ASD. Speech delivery is often monotonous or machine-like,
volume is often poorly controlled, stress patterns and other components of prosody are poorly
expressed and poorly interpreted, rhythm more generally may be impaired, expressive gestures and
facial expressions are limited, non-literal language such as metaphor, sarcasm, and jokes are not
comprehended, and conversation tends to dwell endlessly on circumscribed interests irrespective of
conversational partners’ responses [9,10,58,176–180]. Moreover, social impairments start to emerge
early in life [15,18,26]. Collectively, social interactions in ASD are commonly impaired in multiple
ways, and these impairments likely foster stress and anxiety, withdrawal, further dysphoric emotions,
and adverse health effects (see Section 5.3; [58,61,62,149–151]).

2.8. Summary and Proposed Pathogenic Mechanism

ASD symptomatology comprises sensory, motor, cognitive, emotional, repetitive behavior,
difficulties in daily living, social, and language categories of symptoms, so extends well beyond just
social symptoms. Particular symptoms may occur frequently but not universally across ASD individuals,
and conversely the pattern of symptoms across ASD individuals is enormously heterogeneous [8,181].
Further, many studies have reported contradictory findings, in part for methodological reasons.
In addition, some symptoms are under-studied, as with abnormalities of interoception of hunger,
thirst, body temperature, and other bodily variables, as well as impairments of body representation.
Taken together, much has been learned but more remains to be learned about the symptoms and
features of ASD.

There is, however, likely a common pathogenic mechanism of the disorder [36–38]. In the
following sections, disrupted neurocircuitry is first addressed. Four social brain regions, the amygdala,
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OFC, TPC, and insula, are disrupted in ASD and supporting evidence is summarized; these constitute
the proposed common pathogenic mechanism of ASD. Symptomatology is then addressed: widespread
ASD symptoms can be explained as direct effects of disrupted social brain regions. Sequelae of these
disruptions and dysfunctions can explain many further ASD symptoms, and relevant evidence is
summarized. Together, the four social brain regions, their disruptions, and sequelae provide an
extensive account of ASD symptomatology. This model is summarized in Figures 1 and 2; the disrupted
neurocircuitry is summarized in Figure 1, and the resulting symptomatology is summarized in Figure 2.

Brain Sci. 2019, 8, x FOR PEER REVIEW  8 of 40 

Brain Sci. 2019, 8, x; doi: FOR PEER REVIEW  www.mdpi.com/journal/brainsci 

 

of body representation. Taken together, much has been learned but more remains to be learned about 
the symptoms and features of ASD. 

There is, however, likely a common pathogenic mechanism of the disorder [36–38]. In the 
following sections, disrupted neurocircuitry is first addressed. Four social brain regions, the 
amygdala, OFC, TPC, and insula, are disrupted in ASD and supporting evidence is summarized; 
these constitute the proposed common pathogenic mechanism of ASD. Symptomatology is then 
addressed: widespread ASD symptoms can be explained as direct effects of disrupted social brain 
regions. Sequelae of these disruptions and dysfunctions can explain many further ASD symptoms, 
and relevant evidence is summarized. Together, the four social brain regions, their disruptions, and 
sequelae provide an extensive account of ASD symptomatology. This model is summarized in 
Figures 1 and 2; the disrupted neurocircuitry is summarized in Figure 1, and the resulting 
symptomatology is summarized in Figure 2. 

 

Figure 1. Summary of disrupted neurocircuitry. Four social brain regions are commonly disrupted 
and these disruptions and the resulting symptoms drive additional abnormalities of the visual cortex, 
inferior frontal gyrus, caudate nucleus, and hippocampus. ASD, autism spectrum disorders; IFG, 

Amygdala 
disruption OFC disruption TPC disruption Insula disruption 

disrupt strongly 
interconnected 
brain regions

ASD symptoms

VC 
abnormalities IFG disruption Caudate nucleus 

enhancement
Hippocampus 

disruption

(1) (2) (3) (4)

(5)

(10)(9)(8)(7)

(6)

Figure 1. Summary of disrupted neurocircuitry. Four social brain regions are commonly disrupted
and these disruptions and the resulting symptoms drive additional abnormalities of the visual cortex,
inferior frontal gyrus, caudate nucleus, and hippocampus. ASD, autism spectrum disorders; IFG,
inferior frontal gyrus; OFC, orbitofrontal cortex; TPC, temporoparietal cortex; VC, visual cortex.
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Figure 2. Disruption of four social brain regions extensively explains ASD symptomatology.
Multiple factors are causally associated with ASD, and presumably disrupt assembly of social
brain regions and circuits. ASD, autism spectrum disorders; IOS, insistence on sameness; OFC,
orbitofrontal cortex; RRBs, restricted repetitive behaviors; SIBs, self-injurious behaviors; TPC,
temporoparietal cortex.



Brain Sci. 2019, 9, 130 10 of 41

3. Neurocircuitry: The Four Social Brain Regions are Commonly Disordered in ASD

3.1. The Amygdala is Disordered in ASD

See Figure 1, Box 1.
The amygdala is a structure of some 12 million neurons in humans that is situated in the temporal

lobe in an anterior, medial, and ventral location. The nuclei particularly involved in ASD are the
lateral, basal, and accessory basal nuclei, which account for 33%, 27%, and 10% of amygdala cells,
respectively [182,183]. The amygdala is generally disordered in ASD, as evidenced next.

Functional neuroimaging investigations have assessed brain function during face processing
and other social tasks, and the findings were that the amygdala was hypoactive in ASD individuals
relative to TD controls (see for meta-analysis, [46]). A further neuroimaging paradigm examined
resting state functional connectivity. It found significantly reduced resting functional connectivity that
predominantly involved the amygdala, insula, and OFC in ASD adults relative to TD controls [184].
Amygdala disruption is likely underestimated by fMRI studies, however, due to multiple technical
issues, such as magnetic-susceptibility-induced signal loss, and individual differences variables [185].

In a single cell recording study of two rare neurosurgical patients with ASD and eight non-ASD
control patients, testing was carried out on 37 and 54 amygdala neurons, respectively. It was found
that in the ASD patients, basic electrophysiological measures of neural function were essentially
normal. An exception, however, was that functional abnormalities were found in a sub-population
of amygdala cells; selectivity for the mouth region was significantly increased, and for the eye
region was significantly reduced in the ASD patients compared to control patients [186]. In another
electrophysiological experiment that involved a severely autistic boy, electrodes were placed in several
amygdala nuclei bilaterally and in interconnected nuclei (e.g., bed nucleus of the stria terminalis), and a
program of deep brain stimulation (DBS) was applied. The results were substantial and persistent
amelioration of multiple ASD symptoms, and were driven by stimulation specifically of basolateral
amygdaloid nuclei [187].

Structural neuroimaging studies report that amygdala volume of young ASD children is
significantly enlarged relative to that of young TD children. In adolescence and adulthood, however,
amygdala volume of ASD individuals is similar in magnitude or somewhat smaller than that of
healthy controls [45,47,48,188–191]. In a subregion level study, amygdala enlargement in ASD
children was localized to the laterobasal subregion, comprising lateral, basal, and paralaminar
amygdaloid nuclei [188]. Moreover, amygdala volume abnormalities are related to the level of ASD
symptoms [188,192,193]. In a longitudinal study of 3–6 year old children with ASD, larger right
amygdaloid volume, measured by structural MRI, was predictive of greater current and subsequent
deficits in social interaction and communication skills [192]. Conversely, in adult males with
ASD, smaller amygdaloid volume was associated with greater social impairment, as indexed by
discrimination of emotional from neutral facial expressions, and eye fixation time [193]. Thus,
the behavioral impairments correspond with the trajectory of amygdala volume abnormalities further
supporting an amygdala contribution to ASD.

A cellular study has applied modern stereological, quantitative methods to post-mortem brains to
assess any changes in the ASD amygdala. The major findings were that the ASD amygdala overall
comprised a significantly lower number of neurons relative to controls, but there were no differences
in amygdala neuron size. As to amygdaloid nuclei, the lateral nucleus comprised a significantly
lower number of neurons, but for other amygdaloid nuclei neuron numbers were non-significantly
lower [183]. In a further quantitative stereological study, the lateral amygdaloid nucleus was again the
most abnormal nucleus, with neuron numbers being reduced by 17% in ASD compared to control
subjects, but this difference was not statistically significant. Neuronal numerical density in this nucleus,
however, was significantly reduced [49]. In summary, there is substantial and convergent evidence
that the amygdala is commonly disordered in ASD.
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3.2. OFC is Disordered in ASD

See Figure 1, Box 2.
OFC is located in the anterior ventral part of frontal cortex, and comprises Brodmann’s areas (BAs)

10, 11, 12 (also called 47/12) [194], 13 (part of which is insula), and 14 [195]. (A diagram summarizing
all Brodmann’s areas is presented in [196]). OFC is commonly disrupted in ASD, as evidenced next.

OFC is difficult to neuroimage accurately due to signal dropout, geometric distortion,
and susceptibility artifacts [197–199], hence OFC abnormalities may be underreported.
Notwithstanding, functional neuroimaging studies have overall reported hypoactivation of OFC
(BA 47/12) in ASD, according to the meta-analysis of Patriquin et al. [46]. In a further neuroimaging
study not included in the above meta-analysis, film clips of biological motion were presented to three
groups: ASD children, their unaffected siblings, and unrelated TD children. The findings were that
OFC (BAs 10, 11) was hypoactive in ASD relative to the comparison groups [200]. Further, in the
comparison group of unaffected siblings of ASD children, OFC (BA 11) and superior temporal sulcus
(STS; BAs 22, 39) activations were increased relative to the other groups. This suggests OFC can mediate
compensatory processes in ASD [200]. This is further suggested by findings that OFC volume was
enlarged in two patients with amygdala lesions caused by Urbach–Wiethe disease [201]. In a different
paradigm that used functional MRI and seeded-regions based connectivity analysis, the findings were
of significantly reduced resting functional connectivity among OFC (BA 10), amygdala, and insula in
ASD relative to the TD group [184].

In regards to structural abnormalities, a meta-analysis of structural neuroimaging studies of ASD
reported a small but significant increase in grey matter volume in BA 10 and adjacent BA 46 ([48];
but see [45,47] for null results). In a later structural neuroimaging study that controlled for such
confounds as language impairments, medication use, and comorbid disorders, OFC (BA 11) volume
was significantly reduced in ASD relative to the TD group [190]. In sum, there is evidence of OFC
disruption in ASD, but this may be underestimated due to technical issues in MRI neuroimaging and
OFC compensatory plasticity in some ASD individuals.

3.3. TPC is Disordered in ASD

See Figure 1, Box 3.
TPC broadly comprises superior temporal regions and adjacent inferior parietal regions, and is

generally taken to encompass BAs 41, 42, 22, 43, 40 (supramarginal gyrus (SMG)), and 39 (angular
gyrus (AG)). TPC subregions are commonly disrupted in ASD, as evidenced next.

In a meta-analysis of functional neuroimaging studies, the findings included that the superior
temporal gyrus (STG; BA 22) and inferior parietal cortex (BA 40) were hypoactive in ASD groups
relative to TD comparison groups [46]. In a further meta-analysis that concerned language processing
tasks, hypoactivation of middle temporal gyrus (MTG; BA 21) across diverse language tasks,
as well as abnormalities in STG (BA 22), were found in ASD groups relative to TD controls [202].
In addition, a magnetoencephalographic (MEG) study found the perisylvian cortex, which includes
TPC, to frequently display epileptiform activity in ASD children [203]. A further observation noted
earlier is that in a group of unaffected siblings of ASD children, STS (BAs 22, 39) manifested increased
activations relative to the two comparison groups, suggesting that STS can mediate compensatory
processes in ASD [200].

In regards to structural neuroimaging studies, meta-analyses have reported findings of
abnormalities in parietal operculum in the inferior parietal cortex, several further parietal subregions,
as well as the MTG [45,48]. A subsequent surface-based morphometry study that focused on social brain
regions found reduced cortical surface area of the superior temporal cortex in ASD [46]. In addition,
the Sato et al. [190] structural study reported significantly reduced grey matter volume of BAs 21 and 22
in ASD compared to TD controls. Taken together, there is substantive evidence for TPC abnormalities
in ASD.
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3.4. Insula is Disordered in ASD

See Figure 1, Box 4.
The insula is the cortex located in the depths of the Sylvian fissure, and is covered by the

orbitofrontal, frontoparietal, and temporal opercula (flaps of tissue that hide the fissure). It is bounded
by the sulcus circularis, and is comprised of anterior and posterior lobes. It is further divided into
subregions, which vary across parcellation schemes. An influential scheme recognizes agranular,
dysgranular, and granular subregions, which are located in anteroventral, mid, and posterodorsal
insula, respectively [204]. The insula’s involvement in ASD has been insufficiently examined [45];
nonetheless, it is likely disrupted in ASD, as evidenced next.

In a meta-analysis of functional neuroimaging studies, it was found that the insula (BA 13) was
significantly hypoactive in ASD relative to TD comparison groups [46]. In a further paradigm that
used neuroimaging and seeded-regions based connectivity analysis, the findings were of significantly
reduced resting functional connectivity among the insula, OFC, and amygdala in ASD relative to the
TD group [184].

Regarding structural studies, a meta-analysis of structural neuroimaging findings reported
significant volumetric abnormalities in the insula and adjacent parietal operculum in ASD relative
to TD controls [45]. In addition, a surface-based morphometry study of social brain regions found
reduced cortical surface area of the insula in ASD [46]. Thus, despite limited research interest, there is
convergent evidence of insula disruption in ASD.

3.5. Summary

The disruption of four social brain regions, the amygdala, OFC, TPC, and insula, in ASD has
now been substantively evidenced. Some of these regions, however, have been much researched (e.g.,
amygdala), but others somewhat neglected (e.g., insula), so the weight of evidence varies. The functions
of the four social brain regions, and what their disruptions directly contribute to ASD symptomatology,
are set out in the next section. Numerous sequelae of such symptoms and disruptions are set out in the
subsequent section. Together, a high proportion of ASD symptoms and features can be so explained.

4. Symptomatology: The Four Social Brain Regions’ Multiple Functions, and Their Direct
Contributions to ASD Symptoms and Features

4.1. Amygdala Disruption Likely Underlies Specific ASD Symptoms

See Figure 2, Box 2.
The amygdala mediates numerous functions, which are not yet comprehensively understood.

Several amygdala functions have been heavily researched, particularly the amygdala’s contributions to
fear, and to emotional memory enhancement, and are extensively reviewed elsewhere (e.g., [205–209]).
The former function, however, likely requires further specification, because multiple studies have
reported that individuals with amygdala lesions can continue to experience fear [210–214]. This suggests
that the amygdala represents only components of fear, which have yet to be clarified (cf. [215]) and
whose contributions to ASD symptomatology are unclear. The latter function likely contributes to the
ASD symptom of impaired memory ([143]; see Section 5.4.4).

Further amygdala functions likely remain to be discovered (e.g., [216]), but further principal
functions that have long been proposed but less investigated are the representation of diverse forms
of intangible knowledge [217,218]. Disruption of such representations is proposed to contribute to
multiple prominent ASD symptoms. Intangible features of stimuli have been insufficiently researched,
so there is no accepted definition of them. A working definition is that they are “non-physical
or non-concrete properties of stimuli, that commonly and substantively modulate behaviors and
cognition” [219]. Intangible knowledge representations with known amygdala involvement include:
impact, importance, exclusiveness, noxiousness, valence, economic value, same group membership,
social status, social popularity, trustworthiness, features of morality, ambiguity, dangerousness,
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relevance, and unpredictability. These hypotheses are predominantly evidenced by findings from
human neuropsychological and neuroimaging work (see for extensive review, [219]; see also, [220,221]).

A characteristic and widespread visuosocial feature of ASD individuals is the atypical and
disorganized visual scanpaths they display [76]. In TD individuals and monkeys, recordings of
visual scanpaths reveal that salience, valence, arousal, and likely related features, are major factors
in organizing the visual scanpaths they execute in viewing social scenes [67,70–73,222]. In ASD
individuals, visual scanpaths are commonly atypical, and there is greater guidance from physical
features, their recognition of objects and faces being essentially intact [66,74–76,82,84]. A detailed
behavioral study examined the processing stages during which the ASD atypicalities arise during
the free viewing of complex naturalistic scene images. The findings were that the early stages of
visual processing, involving processing at the basic visual and object levels, were not significantly
different, but later stages, particularly involving the processing of meaning, differed significantly
between ASD and TD groups [75]. Thus, in the organizing of ASD compared to TD scanpaths, there is
lesser involvement of some meaningful features, but greater involvement of physical features. At the
neural level, the amygdala relays robustly to BA 45B, which projects to the frontal and supplementary
eyefields (FEF, SEF) and participates in the high-level guidance of visual gaze [223]. In addition,
a monkey study of eye gaze used single cell recording and eye tracking to measure processing of
natural images. It found that the amygdala’s intense activations to pixels in social images were strong
predictors of eye fixation hotspots during free viewing [222]. Taken together, intangible knowledge
participates in the organizing of eye gaze scanpaths in TD individuals. Moreover, the amygdala
represents forms of intangible knowledge, participates in the structural neural network that guides eye
gaze, and participates in functional eye gaze processing. Thus, amygdala dysfunction is proposed to
be involved in the disorganized visual scanpaths of ASD. Some preliminary evidence is provided by
findings that rewarded face stimuli influenced visual attention of TD preschoolers significantly more
strongly than that of ASD preschoolers [224].

A further visuosocial atypicality is that ASD individuals fail to express heightened interest in fellow
humans, including close family members [58,61,80]. At the neural level, this symptom is hypothesized
to be mediated by failure to enhance activation of a functionally intact visual cortex, including its FG
subregion, by the impaired amygdala. Structurally, the visual cortex receives heavy projections from
amygdala, which have an excitatory effect on it, and they likely engage in interactive processing of
facial expressions and other significant stimuli [182,225–228]. In ASD, FG is commonly hypoactive
relative to TD groups during the performance of social tasks, but it can be activated to typical levels
by suitable stimuli, so is functionally intact [46,85,86,88–90]. The amygdala is impaired, and it has
reduced connectivity with FG [229,230], and these factors likely result in failure to enhance activation of
intact visual cortex to significant stimuli. Consistent with this, monkeys with experimental amygdala
lesions and a normal visual cortex failed to enhance activation of visual cortex to facial expressions,
whereas control animals did so [231]. Amygdala dysfunction and visual cortex hypoactivity are
hypothesized to manifest as a lack of heightened interest in important social stimuli such as fellow
humans and close family members.

Corresponding atypicalities occur in the auditory modality. ASD children frequently fail to express
heightened interest in significant sounds such as their own name, a parent’s voice, and language,
whereas TD children commonly do so [96–98,100,102]. At the neural level, amygdala dysfunction may
drive these ASD atypicalities also. The auditory cortex is heavily interconnected with the amygdala,
and in ASD it is hypoactive to significant social stimuli, but is likely functionally intact as activation
is normal to control stimuli, and audiometric tests are commonly normal [93–95,99–102,182,232].
Auditory cortex hypoactivation to significant stimuli driven by amygdala disruption is suggested to
manifest as the atypical lack of heightened interest in such stimuli in ASD.

ASD individuals express an inability to understand social conditions [61,62,65]. Impaired intangible
knowledge is hypothesized to contribute to this deficit, as may impaired conceptual cognition
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(see Section 5.1). The amygdala also participates in the processing of joint attention [233], and its
dysfunction likely impairs this processing.

Sensory hypersensitivity and hyposensitivity are common ASD features which frequently co-occur,
and likely involve shared mechanisms [58,61,68,95,110,234]. Klin et al. [68] contend that importance
or salience enable complex conditions and environments to be rapidly discriminated into those
components that merit processing (e.g., important ones), and those that do not merit processing
(the insignificant, trivial, background ones), and that without this, the usual profusion of stimulation
would be processed indiscriminately, so would be overwhelming. In ASD, there is indiscriminate
and unorganized processing of environments in the visual and auditory domains, which results
in stimuli that merit increased processing being relatively neglected (hyposensitivity), while trivial
and background stimuli are processed to an abnormal extent [53,61–63,65,77,78,104,176]. In addition,
the profusion of stimulation that elicits processing may account for the perception of it as excessive and
overwhelming (hypersensitivity; [61,62,65]; cf. [68]). Building on Klin et al. [68], it is hypothesized that
these effects may be ascribed to impaired intangible cognition, arising from amygdala dysfunction.

Amygdala dysfunction likely contributes to ASD impairments in self-sufficient living.
The amygdala participates in the processing of planning [216,235], and planning is engaged in
self-sufficient living [22,236–238]. Hence, amygdala dysfunction in ASD likely contributes to disrupting
such self-sufficient living tasks as buying goods, using public transport, managing finances, and so forth.
The amygdala is engaged in the networks that represent harmfulness and trustworthiness [219,239],
and such knowledge is disrupted in ASD so likely increases perilousness and vulnerability in daily
living [40,53,58,107,167]. In summary, amygdala disruption likely gives rise to multiple prominent
social as well as non-social symptoms of ASD.

4.2. OFC Disruption Likely Underlies Specific ASD Symptoms

See Figure 2, Box 3.
OFC dysfunction impairs intangible knowledge representations of rightness, wrongness,

and appropriateness. For instance, patients with OFC lesions are disrespectful of authority, uninhibited,
frequently use foul language, steal, lie, and endorse forms of immoral actions that are rejected by
healthy comparison groups [237,238,240–243]. OFC dysfunction likely participates in the limited
ability of ASD individuals to comprehend that some behaviors are socially wrong or inappropriate,
such as aggressive forms of courtship, and tactless or rude comments about others [63,145,175].
OFC participates in processing joint attention [233], and its dysfunction likely impairs such processing.
OFC dysfunction likely impairs the high-level multimodal food palatability representations that OFC
normally mediates [198,244–247]. This likely disables flexible food choice processing, with consequent
dependence on inflexible habit-based processes [248], hence the widespread ASD symptom of
narrow and inflexible food selectivity [58,166,167]. OFC lesions are found by neuropsychological
studies to be associated with severely impaired planning, and processing and representation of
decisions [199,236–238,240,241,248,249]. These impairments likely participate in ASD individuals’
difficulties in planning and decision-making, which also contribute to disrupting daily living activities,
including such routine tasks as choosing appropriate clothing, making telephone calls, using public
transport, managing finances, and so forth [14,22,108]. OFC participates in the regulation of anger,
aggression, and sleep, and lesions and dysfunction of it are associated with poor regulation of these
functions [241,250–256]. These dysregulations likely contribute to the ASD features of elevated intensity
and frequency of anger and aggression, and elevated rates of sleep difficulties [13,14,22,170,173].
In sum, it is hypothesized that OFC disruption likely contributes to multiple specific ASD symptoms
and features.

4.3. TPC Disruption Likely Underlies Specific ASD Symptoms

See Figure 2, Box 5.
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TPC subregions that integrate multisensory information (temporoparietal junction, parieto-insular
vestibular cortex, inferior parietal lobe, and SMG) variously participate in networks that process the
maintenance of body posture [257], and in the planning and performance of skilled movement [258–260].
Dysfunction of such TPC subregions likely participates in ASD individuals’ unusual posture, odd gait,
clumsiness, and other motor abnormalities. Consistent with this, these symptoms have been ascribed
to disrupted multisensory integration, specifically of visual, proprioceptive, and vestibular inputs, or to
disruption of the proprioceptive sensory system, or of other motor-related circuits [116,119,120,261].
TPC is also hypothesized to be an integrative hub region that mediates abstract representations of
social and other contexts [262]; see for reviews, [263,264]. TPC disruption may thus contribute to ASD
difficulties in understanding different social contexts. TPC subregions (BAs 22, 39) participate in a
network for moral cognition processing, and this is evidenced by meta-analyses of neuroimaging
studies [265,266]. Thus, TPC dysfunction likely contributes to the impaired understanding of rightness,
wrongness, and appropriateness reported in ASD [63,145,175].

The TPC is a multimodal integrative region that importantly participates in the networks
that mediate body representations, and this is evidenced by the findings of neuroimaging,
electrical stimulation, and neuropsychological studies in human [267–274]. Further, networks for body
representations overlap those for motor functions, and this is supported by electrophysiological findings
in humans [275]. Impaired body representations are associated with dyspraxia of dressing, related daily
living impairments such as toileting difficulties, and likely inaccurate motor planning [65,122,270,276],
so TPC dysfunctions may participate in the corresponding ASD symptoms. Notwithstanding,
impaired body representation in ASD is supported only by anecdotal reports of ASD individuals
(see symptoms summary in Section 2.6), some empirical evidence [122], but little formal study.

The TPC participates in the representation and processing of rhythm, musical expressiveness,
prosody, and expressive behaviors [276–284], as well as plays a major role in language
processing [285–289]. TPC dysfunctions are thus hypothesized to contribute to the ASD symptoms
of poor rhythm, monotonous and unexpressive speech, poor prosody, impoverished and poorly
coordinated expressive behaviors, as well as further language deficits [9,58,176,179,202]. In sum, it is
hypothesized that TPC disruption likely participates in multiple specific ASD symptoms and features.

4.4. Insula Disruption Likely Underlies Specific ASD Symptoms

See Figure 2, Box 6.
The insula participates in numerous sensory processing networks, and this is evidenced

by findings of neuroanatomical, electrical stimulation, and neuroimaging studies in monkeys
and humans [204,290–292]. Further, patients with lesions of the insula have been found to
suffer from impaired sensory processing in somatosensory, thermosensory, nociceptive, gustatory,
viscerosensory, and vestibular modalities [293,294]. Impaired processing of diverse sensory
modalities is reported in ASD, and these commonly include somatosensory, thermosensory,
nociceptive, viscerosensory, and vestibular impairments (see Section 2.1), so these may originate
with insula disruption. These impairments may participate in such ASD abnormalities as
unresponsiveness to injuries, poor awareness of hunger, thirst, body temperature, and bowel
and bladder state [61,63,65,104,106–108,112]. The insula participates in behavioral responses to
homeostatic challenges such as hunger, thirst, cold, or hot conditions [295–297]. Insula dysfunction
may contribute to impaired homeostasis-related and body maintenance behaviors that are reported in
ASD, such as failure to prepare for cold conditions, wearing of unsuitable clothing, impaired eating
and drinking habits, and so forth [58,65,108]. The insula importantly participates in forms of body
representation [268,271–273], so its dysfunction may contribute to body representation and related
impairments summarized in the TPC section above. The insula participates in aspects of language and
speech processing, such as recognition of sounds, and production, comprehension, and pronunciation
of speech [204,288,291,293] so its dysfunction may participate in the speech and language abnormalities
that are widespread in ASD [9,10]. The insula is a major component of the network that represents
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and processes expressive behaviors [281], so its dysfunction may contribute to the ASD symptom
of impoverished and uncoordinated expressive behaviors [58]. In sum, it is proposed that insula
dysfunction likely participates in multiple specific ASD symptoms and features.

5. Sequelae

See Figure 2, Boxes 7–9.
The ASD neural disruptions and symptoms so far described can secondarily produce further

symptoms and features. Specifically, disrupted brain regions can drive disruption of strongly
interconnected brain regions to produce further symptoms, and particular symptoms can drive further
symptoms or adaptive responses [50–53]. Such sequelae constitute a substantial proportion of ASD
symptomatology, and are summarized in this section.

5.1. Cognitive Abnormalities

See Figure 2, Box 7.
Disrupted brain systems are associated with enhanced development and functioning of intact

brain systems, and this effect has been found across multiple brain regions that were damaged by
diverse brain diseases and lesions [298–303]. Correspondingly, ASD individuals who are hypothesized
to have weakness in intangible knowledge will predominantly process concrete-level knowledge
thereby becoming specialized and unusually skilled in this domain. There is abundant evidence of
preference for and strength in concrete-level cognition in ASD (see symptoms summary in Section 2.3).
Thus in this disorder, weakness in intangible cognition is proposed to bring about the prominent but
unexplained emphasis on concrete-level cognition.

Concrete-level cognition, however, produces adverse consequences. It has been suggested to
impair the development of abilities in conceptual cognition and in the ability to generalize across
contexts, which are ASD features [62,78,134]. Consistent with this, in a study using the Verbal Concept
Formation Task, it was found that grouping of objects on the basis of concrete characteristics (e.g.,
oranges and bananas both taste sweet), rather than on the basis of meaningful, abstract characteristics
(e.g., oranges and bananas are both fruits), was associated with impaired conceptual processing in
patients with degenerative disease affecting frontal cortex [304]. Further, concepts (e.g., dog, fruit, car)
are crucial in cognition [305]; they organize much enduring knowledge, and they facilitate efficient
performance of diverse forms of cognition. Without concepts, much information would require to be
repeatedly re-discovered [305]. Impaired concepts likely contribute to ASD individuals’ struggle to
understand the stimuli and events that surround them [61,62,65].

The multiple cognitive shortcomings of ASD likely elicit adaptive responses. These are suggested
to manifest in the ASD features of rote learning, use of formulae, rigid repetitive routines and rituals,
and insistence on sameness [58,61,157]. As Jolliffe et al. [61] (p. 16) report: “Reality to an autistic
person is a confusing, interacting mass of events, people, places, sounds and sights. There seem to
be no clear boundaries, order or meaning to anything . . . . Set routines, times, particular routes and
rituals all help to get order into an unbearably chaotic life . . . .”

5.2. Daily Living Skills Deficits

See Figure 2, Box 8.
Substantial deficits in daily living skills are a heavy concern for ASD individuals and their carers,

but are not explained by social difficulties, motor difficulties, nor IQ, and their mechanisms are
currently unclear [14,16,21–23,58,163,164,306]. Instead, they may be sequelae of dysfunctions of the
four social brain regions, and of sensory disruptions in ASD. The insula participates in visceroception
and in diverse homeostatic processes, so its dysfunction may contribute to self-care impairments
in eating, drinking, thermoregulatory behaviors and related clothing choice, unawareness of the
state of the bladder and bowel leading to toileting dysfunctions, as well as unresponsiveness to
injuries [53,58,61,65,81,104,108,112]. Insula and TPC disruptions commonly produce impaired body
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representations, which are associated with difficulties in dressing, toileting, and likely other self-care
activities [61,65,270,276]. The OFC mediates high-level food palatability representations [244–247],
and its disruption likely contributes to limited and repetitive food choices in ASD [165,166].
OFC disruption impairs representations of wrongness and inappropriateness, as well as regulation of
anger and aggression [198,237,238,251,252]. Such impairments can harm social relations, employment,
and other aspects of self-sufficient living [63,145,175,236–238]. OFC and amygdala disruption impair
planning and decision-making, which are impaired in ASD and seriously disturb widespread aspects
of daily living [22,168,236–238]. In sum, sequelae of all four dysfunctional social brain regions are
likely involved in impaired self-sufficient living, and this multiplicity of contributions may account for
the frequency and magnitude of such impairments.

5.3. Emotional Abnormalities

See Figure 2, Box 9.
The diverse dysphoric emotions commonly experienced in ASD are suggested to be substantially

driven by ASD symptomatology, but ameliorated by stereotypies and SIBs. Elevated levels of stress
are reported in ASD [149–151], and these are substantively driven by social difficulties according to
self-reports, and were strongly correlated with autistic traits in a questionnaire study [61,62,65,150].
At the same time, perceived stress may impair social functioning [149]. Frustration and anger
are commonly driven by such ASD features as difficulties in speech or other means of expression,
or disturbance of rituals, repetitive activities, circumscribed interests, desired sameness, or SIBs
according to self or observer reports [13,61,157]. OFC dysfunction in ASD likely exacerbates these
emotional abnormalities.

Fear, anxiety, and withdrawal are elicited by the ASD features of impaired understanding of social
situations, impaired social and communicative functioning in social networks, as well as co-occurring
social factors such as increased bullying, and numerous non-social stimuli [61,62,65,307–313].
Loneliness has been found to be elicited by the ASD features of poor quality of the best friendship and
impoverished social networks [148,309]. Reported contributors to depression in ASD are: stressful life
events such as parental disputes, divorce, or death, their effects likely amplified by ASD individuals’
dependence on support; ASD individuals’ subjective perceptions of being different, handicapped,
or possessing shortcomings; cherishing hopes for social relationships and social networks that peers
enjoy but finding them unattainable or unsatisfactory; suffering elevated levels of bullying and teasing;
experiencing elevated levels of irritability, fear/anxiety, and loneliness which are risk factors for
depression; and so forth [148,309,312–321].

Relief of dysphoric states and emotions is sought through the performance of repetitive stereotyped
movements and SIBs in a wide range of animal species, and these types of abnormal behaviors are
often linked [322–326]. For instance in monkey studies, performance of a bout of SIB was found to be
preceded by stresses and stress responses, then succeeded by lowering of heart rate and stress hormone
responses [323,324]. In humans, self-report, diary, interview, and behavioral studies of individuals who
perform SIBs have found that levels of dysphoric emotions are elevated, and that relief of dysphoric
emotions is the principal factor that drives SIBs, whereas self-punishment and social factors are lesser
contributors [327–334].

In ASD, heightened dysphoric emotions and other features contribute to stereotyped behaviors
and SIBs. The dysphoric procedure of blood draws carried out on children with ASD and ID was
followed immediately by increased rates of SIBs in some participants, suggesting a cause-effect
relationship [107]. Increased levels of maternal criticism were found to predict increased behavior
problems (which include repetitive behaviors and SIBs) in ASD adolescents and adults in a longitudinal
study [335]. Stress and comorbid psychiatric disorders have been found to substantially explain an
association of autistic traits and repetitive behaviors in ASD [336]. Conversely, the Preschool Autism
Communication Trial (PACT) intervention that decreased aspects of ASD symptomatology was found
in a follow-up study to have led to markedly reduced rates of repetitive behaviors, suggesting the latter
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are at least partly sequelae of ASD symptomatology [34]. The availability of praise, emotional warmth,
and high relationship quality, which likely ameliorate dysphoric emotions, have been found to reduce
repetitive behaviors in ASD adolescents and adults [337]. In sum, heightened dysphoric emotions are
elicited by numerous ASD features, and relief of them is likely an important motivator of stereotyped
behaviors and SIBs.

5.4. Additional Brain Regions Display Likely Secondary Structural and Functional Atypicalities in ASD

Additional brain regions display structural and functional abnormalities in ASD,
predominantly visual cortical areas, inferior frontal gyrus (IFG) and other regions of the PFC,
caudate nucleus and putamen in the basal ganglia, hippocampus, sensorimotor cortex, cerebellum,
and thalamus [45–49,338]. It is suggested that some of these abnormalities are sequelae rather than
etiological disruptions.

5.4.1. Visual cortex

See Figure 1, Box 7.
Visual cortical areas processing motion and ventral temporal cortex (VTC) subregions have been

found by structural neuroimaging to be abnormal in ASD [45,190]. In addition, functional neuroimaging
meta-analyses have reported MTG and FG hypoactivity in social tasks in ASD versus TD controls [46,88].

At the neural level, as previously summarized, the amygdala relays strongly and reciprocally
with the visual cortex, and these regions engage in recurrent processing [182,217,225–228]. Conversely,
amygdala dysfunction caused by surgical lesions in monkey or Urbach–Wiethe or other diseases
in human induces hypoactivation of the visual cortex to emotional stimuli, as well as structural
degeneration of it relative to healthy controls [201,231,339,340]. At the behavioral level, social network
size in monkeys and in humans has been found to be positively associated with VTC and STS
volumes [341,342]. Moreover, as the monkeys were independently allocated to different sized groups,
variations in network size likely drove the variation in visual cortex volumes [342].

In ASD, visual cortex structure and activity are likely diminished by enduring amygdala
dysfunction and by the reduced social network size reported in this disorder [146]. Thus, visual cortex
anomalies are likely driven at least partly by neural and behavioral features of ASD, but the extent of
their contribution remains to be quantified.

5.4.2. IFG

See Figure 1, Box 8.
There is some evidence of IFG disruption in ASD. Grey matter volume was found to be reduced

in IFG in ASD versus TD controls [190], and a meta-analysis of functional neuroimaging investigations
of social tasks reported hypoactivation of IFG (BA 44) in ASD compared to TD controls [46].

The heavy structural interconnections of subregions of IFG with the amygdala, OFC,
temporal regions, and insula [223,278,343], which are commonly disrupted in ASD, likely lead
to dysfunction of IFG. IFG participates in the representation and execution of expressive behaviors,
as well as in syntax and in high-level cognitive processes [277,281,344–347]. Thus, IFG dysfunctions
likely participate in the ASD symptoms of impaired expressive behaviors and gestures [58], the frequent
impairment of syntax reported in verbal individuals [9], and the difficulties in goal-directed and
planning aspects of cognition [168]. In sum, dysfunctions of IFG are hypothesized to be substantially
driven by disruption of the social brain regions, and to manifest in conspicuous features of ASD which
are thus probably sequelae.

5.4.3. Caudate Nucleus

See Figure 1, Box 9.
Caudate nucleus enlargement in ASD relative to TD controls has been reported by several

meta-analyses of structural neuroimaging studies [45,47], and by a cellular study that examined this
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region [49]. An age-related finding was also reported: ASD caudate nucleus volume in childhood
is reduced or the same as that of TD controls, but in adolescence and adulthood is significantly
enlarged [45,49].

The basal ganglia, particularly the caudate nucleus, are the predominant regions in the mediation
of stereotypies and repetitive behaviors [348–350]. It is hypothesized that these behaviors are motivated
to relieve dysphoric emotions (see Section 5.3), and that their repeated performance drives enlargement
of the brain region that implements them. Consistent with these hypotheses, significant caudate nucleus
enlargement emerges from later childhood onwards, and the level of repetitive behaviors has been
found to correlate with caudate nucleus volume or growth [45,49,351–354]. Nevertheless, some null
or inconsistent findings have also been reported (see for review, [355]). Overall, caudate nucleus
enlargement is at least partly a sequela of ASD, but some inconsistent findings suggest further
mechanisms may be involved.

5.4.4. Hippocampus

See Figure 1, Box 10.
Hippocampal abnormalities of functional hypoactivation and of reduced grey matter volume

in ASD relative to TD controls have been reported by meta-analyses of functional and structural
neuroimaging studies [45,46,48]; (but see [47] for contrary structural findings).

Factors that can impair hippocampal structure and function include persistently elevated cortisol
levels (see for reviews, [356,357]), epilepsy [358–360], and lesions of the vestibular system [361].
In addition, neonatal amygdala lesions in monkeys non-significantly reduced hippocampal volume in
these animals [339]. Poor sleep quality disrupts the consolidation processes that the hippocampus
implements during sleep, thereby impairing hippocampal function [254]. All these factors commonly
operate in ASD. Cortisol levels are persistently elevated, as measured by hair cortisol, and impair
hippocampal function as assessed by a spatial working memory task [151]. The prevalence of epilepsy
in ASD is 10–20% [172], vestibular impairments are reported [19,63,114,115], the amygdala is disrupted
(see Section 3.1), and poor sleep quality is frequent [173]. Thus, hippocampal anomalies are likely
substantially driven by features of ASD, but the extent of their contribution remains to be quantified.

5.5. Heterogeneity

Heterogeneity is a widespread feature of disease [362], but it is particularly marked in ASD, and a
number of the latter’s features may contribute to this. Social brain regions are richly multifunctional;
for instance, a rich diversity of behavioral and cognitive functions is mediated by the amygdala [219].
Correspondingly at the neural level, the amygdala is unusually widely interconnected; it interconnects
with regions whose processing ranges from visual objects, to features of foods in the mouth, pain,
pleasure, blood acidity, stress hormones, high-level cognition, spatial knowledge, episodic memory,
and conceptual and expressive motor functions [182,223,363–366]. Different numbers, combinations,
and extents of dysfunctions of a richly multifunctional brain region will produce great diversity of
symptoms and features. Further, any specific dysfunction is unlikely to be found universally in
ASD [181].

ASD is a developmental disorder, and insults sustained during versus after critical periods of a
neural circuit’s development produce markedly different impairments. The visual system illustrates
this: V1 lesions sustained early in development induce plasticity in a parallel pathway and its target
V5, resulting in little visual impairment. V1 lesions sustained later in development cannot induce such
plasticity as the parallel pathway atrophies, resulting in substantial visual impairment [367]. Also,
ASD is an unusually complex disorder, and variation in interactions among systems may manifest as
heterogeneity. For instance, intact OFC appears capable of compensating for amygdala lesions [200,201]
so can reduce impairments, but lesions of OFC itself diminish this capability and increase impairments.
Again, multiple ASD features (enduring cortisol elevation, epilepsy, and vestibular deficits) affect
hippocampal structure and function, so variation in these features will manifest as heterogeneity of
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ASD hippocampal abnormalities. In sum, the heterogeneity and inconsistency of ASD symptomatology
is particularly severe, in part because ASD is a developmental disorder, involves brain regions with
unusually diverse functions at a fine-grained level, and is unusually complex giving rise to a multiplicity
of interactions.

6. Summary, Cautions, and Causation

6.1. Summary

The research question examined in this work is: What are the disordered neural circuits that
explain ASD symptomatology in all its richness? The answer proposed is the hypothesis that four
social brain regions, the amygdala, OFC, TPC, and insula, are commonly disrupted in ASD and largely
constitute the pathogenic mechanism of the disorder. These neural disruptions and resulting ASD
symptoms are also drivers of diverse secondary features and of anomalies of several additional brain
regions that together contribute a substantial proportion of overall ASD symptomatology. Together,
the model explains a high proportion of ASD symptoms and features, is consistent with findings that
ASD is essentially a unitary disorder [36–38], and it relates symptoms and features to neurocircuitry
disruptions in accordance with the RDoC framework [54–56].

6.2. Cautions

Some experimental findings appear to question amygdala involvement in ASD. Two adult female
patients with amygdala lesions due to Urbach–Wiethe disease were comprehensively examined,
but the findings were that they did not come close to meeting criteria for ASD, nor any other
psychiatric disorder [368]. Notwithstanding, one of these subjects was earlier tested with the
Heider and Simmel [125] paradigm, and was found to perform similarly to ASD subjects rather
than TD subjects [369]. Overall, further fine-grained abnormality-focused testing of hypothesized
amygdala-related abnormalities is warranted. Conversely, involvement in ASD of brain regions beyond
the amygdala is supported.

A further major issue is that the four social brain regions are likely linked by properties or
vulnerabilities in common. For instance, all are high-level, heavily multisensory, structured as
hubs, or may have further commonalities yet to be elaborated. Many ASD symptoms are likely
multifactorial, but only hypothesized major factors have been set out. For example, sleep problems in
ASD are promoted by such factors as stress, anxiety, depression, epilepsy, gastrointestinal disorders,
hyperactivity, OFC dysfunction, and medications [156,170,171,173], although only major factors
are considered. At the neural level, distributed neural networks typically perform a function,
so dysfunctions of several regions in a network may be reported to participate in a specific symptom.

The involvement in ASD of several further brain regions is unresolved. Significantly increased
neuron numbers in PFC in infancy have been reported by a cellular study [338]. The prevalence and
causes of this abnormality and any contribution to ASD symptomatology are currently unknown.
Somatosensory cortex anomalies have been reported [45], but the causes and the contributions to
symptomatology have been little studied. A number of sensory systems relay through this region [258],
so the well-established sensory impairments of ASD may to an unknown extent explain these anomalies.

Structural and functional abnormalities of the cerebellum and its vermis subregion have been
reported in ASD [45–47,49,370,371]. Findings on the cerebellum, however, can be affected by diverse
factors. Lesions of TPC and hippocampus affect the cerebellum, as do age, IQ level, total brain volume,
anticonvulsant medications, methodological issues, and perhaps other factors [47,49,289,360,371,372].
Functions of the cerebellum include substantial contributions to posture and gait, limb coordination,
components of speech, and oculomotor coordination [373]. Cerebellar dysfunction has thus been
suggested to contribute to ASD impairments in posture and gait [119]. Overall, the nature and etiology
of cerebellar anomalies in ASD require further investigation. A structural meta-analysis has reported
modest abnormalities of the thalamus [47], and a study of metabolites in ASD and TD twin pairs
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reported several significant abnormalities in ASD [374]. Further structural meta-analyses and a cellular
study that examined it have not reported thalamic abnormalities [45,48,49]. Together, the involvement
of thalamic abnormalities in ASD requires further study.

6.3. Causation

The causation of ASD is poorly understood, but a number of risk factors have been identified.
The contribution of genetic factors to variance in ASD was previously thought to be approximately 90%,
but larger and more recent studies have suggested a figure closer to 50% [375]. Much remains to be
learned about the probably hundreds of genes that are likely involved [376]. A number of environmental
risk factors have been reported, and are of great interest for the possibility of lowering ASD incidence.
Birth complications are a major group of risk factors, and involve such strong factors as birth injury,
meconium aspiration, hypoxia, maternal hemorrhage, or poor neonate state as indexed by a low Apgar
score [2]. Low birth weight of the neonate is a further strong risk factor [2]. Maternal condition-related
risk factors include migration during gestation, vitamin D and other nutritional deficiencies, as well
as advanced age of either parent [2]. Toxicants such as pesticides and air pollutants are further risk
factors [2–4]. Thus, current knowledge suggests diverse risk factors increase the likelihood of ASD,
but how they contribute to the common disorder outcome is unclear.

7. Testable Predictions and Directions for Future Research

The four social brain regions are predicted to be impaired to varying degrees in ASD, independent of
the causal mechanism involved. Their integrity may be indexed by stimulation of multiple sensory
systems and neuroimaging, which are predicted to reveal some abnormal or blunted responses in the
four social brain regions, relative to those in TD controls. Diverse sensory deficits in ASD are reported
in the literature, but evidence is unsystematic and mostly gained through questionnaire methodologies,
which are unsatisfactory [110,377]. Systematic studies using objective, quantitative, and standardized
paradigms are needed to characterize comprehensively and quantitatively the sensory system deficits
in ASD individuals [110]. Further, studies of sensory system disruptions may cast light on the causation
of the amygdala cellular abnormalities that chiefly affect the lateral amygdaloid nucleus, which receives
the heaviest sensory inputs [49,182,183].

Intangible knowledge is hypothesized to be markedly impaired in ASD. This may be tested with
established cognitive paradigms, particularly the property-listing task and its variants. These involve
subjects listing all the features they can think of for each presented stimulus, or providing quantitative
ratings of the influence of specified features in those stimuli [378,379]. Intangible, top-down features
(e.g., valence) that characterize social images are major drivers of TD scanpaths, whereas due to impaired
intangible knowledge it is predicted that visual, bottom-up features of social images are main drivers
of ASD scanpaths, and this could be tested with eye-tracking paradigms [75,222]. ASD individuals
express apparent disinterest in such sounds as their own name and human language, and this may be
a manifestation of failure to enhance neural responses to significant stimuli. Such failure to enhance
activation of visual or auditory cortices is hypothesized to be driven by amygdala hypoactivation,
and this could be tested by neuroimaging studies of activations and effective connectivity during
processing of such stimuli.

OFC disruption is hypothesized to participate in multiple ASD features. Empirical testing of
these hypotheses may be performed with neuroimaging optimized for OFC, which is otherwise
difficult to neuroimage adequately [197–199], combined with established measures and paradigms.
These include the menu paradigm [245,380] for assessing food representations; the Neuropsychiatric
Inventory [381] for anger, aggression, and inappropriate behaviors; the physical activity monitor
(actigraph), polysomnography, and Bedtime problems, Excessive sleepiness, Awakenings, Regularity of
sleep, and Snoring (BEARS) questionnaire [173,382] for sleep disruption; and the Cambridge Gamble
Task and the Iowa Gambling Task [197,237] for decision-making and planning.
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TPC disruption is hypothesized to participate in multiple ASD features. There is some evidence
of impaired body representation in ASD but little formal study. Such deficits may be examined
by requiring ASD individuals to point to various body parts, or to estimate their sizes, as well as
semi-structured interview covering body knowledge, difficulties in dressing, and other body-related
functions. Such findings may also provide insights into aspects of daily living impairments, which may
be measured with the Waisman Activities of Daily Living Scale [383].

The strength in concrete-level cognition in ASD and its hypothesized associations with weakness
in intangible cognition, and with impaired conceptual processing and generalization, may be tested
with established measures and their correlations. These include the property-listing paradigm and its
variants [378,379], the sorting paradigm of Ropar and Peebles [135], the Halstead Category Test, the Trail
Making Test–Part B, and the Verbal Concept Formation Task [304,384,385]. Conceptual processing
may also be negatively associated with measures of insistence on sameness, and rigid repetitive
routines and rituals, which may be assessed with the Repetitive Behaviors Scale–Revised [386].
IFG hypoactivation is hypothesized to contribute to impoverished expressive behaviors, and this may
be tested by neuroimaging. Hippocampal structural abnormalities are hypothesized to be driven
in part by elevated stress hormone levels and vestibular dysfunction, and this could be tested with
structural neuroimaging, hair cortisol measures, and vestibular tests. The role of stress and dysphoria
in evoking stereotypies and SIBs may be explored with wearable telemetric devices that measure and
transmit heart rate, blood pressure, respiration, motor activity, and other data [323,387]. These data may
be related to observations of precipitating events, execution, and physiological effects of stereotypies
and SIBs. Corresponding variables for possible ameliorative events such as receiving praise or comfort
also merit investigation.

The elucidation of biomarkers to facilitate early, rapid, and objective diagnosis of ASD is an
urgent challenge. A biomarker is defined as “a biological feature that can be objectively measured and
that serves as an indicator of normal or pathogenic biological processes” [388] (p. 1753). Given the
heterogeneity of ASD, multiple biomarkers that possess low sensitivity but high accuracy and specificity
may be a realistic target [142]. A number of such tests suggested above if validated, or already suggested
by researchers, may be valuable, and may include: abnormal responses to stimulation of the four social
brain regions; impaired intangible knowledge; abnormal eye gaze patterns [76,389]; preference for
physical or concrete stimuli [135,141,142]; impaired body knowledge and interoceptive functions
(for definition, see [294,390]; [112,114,115,122]); motor impairments [21,121]; enduring stress expressed
in elevated hair cortisol [151]; motor stereotypies and repetitive behaviors [17,391]; and enlarged head
circumference and brain volume in early childhood [174]. A novel proposal derives from findings
that multiple brain regions are structurally abnormal in ASD, mostly involving grey matter loss.
These abnormalities may commonly involve neurodegenerative processes, which are associated with
biomarkers such as focal iron deposition (cf. [51,52]). Thus, patterns of iron deposition distributed
across brain regions implicated in ASD, may provide an early quantitative biomarker for ASD that
can be measured by neuroimaging. In sum, the presented model offers testable predictions about
the neurocircuitry disruptions that participate in specific ASD symptoms and features, and about
interrelationships among symptoms. These predictions can be tested with established experimental
paradigms and neuroimaging.

8. Conclusions

A rich and valuable body of findings is accumulating on ASD. The presented model of ASD
builds on these findings and hypotheses, to offer a provisional account of the pathogenic brain
regions that underlie this disorder; these are the amygdala, OFC, TPC, and insula. Further brain
regions are affected secondarily. The model also offers an extensive and detailed etiological account
of ASD symptomatology, is consistent with a unitary view of ASD, and with the heterogeneity of it.
The model makes detailed testable predictions that should further illuminate the mechanisms of ASD
symptoms. Biomarkers for more rapid diagnosis are summarized, and a novel one proposed. Together,
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the model should facilitate further theoretical progress, and foster the development of personalized,
more efficacious interventions.
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99. Čeponienė, R.; Lepistö, T.; Shestakova, A.; Vanhala, R.; Alku, P.; Näätänen, R.; Yaguchi, K.
Speech–sound-selective auditory impairment in children with autism: They can perceive but do not
attend. Proc. Acad. Sci. 2003, 100, 5567–5572. [CrossRef]

100. Gervais, H.; Belin, P.; Boddaert, N.; Leboyer, M.; Coez, A.; Sfaello, I.; Barthélémy, C.; Brunelle, F.; Samson, Y.;
Zilbovicius, M. Abnormal cortical voice processing in autism. Nat. Neurosci. 2004, 7, 801–802. [CrossRef]

101. Lai, G.; Pantazatos, S.P.; Schneider, H.; Hirsch, J. Neural systems for speech and song in autism. Brain 2012,
135, 961–975. [CrossRef] [PubMed]

102. Lepistö, T.; Kujala, T.; Vanhala, R.; Alku, P.; Huotilainen, M.; Näätänen, R. The discrimination of and orienting
to speech and non-speech sounds in children with autism. Brain Res. 2005, 1066, 147–157. [CrossRef]
[PubMed]

103. Whitehouse, A.J.; Bishop, D.V. Do children with autism ‘switch off’ to speech sounds? An investigation
using event-related potentials. Dev. Sci. 2008, 11, 516–524. [CrossRef] [PubMed]

104. Elwin, M.; Ek, L.; Schröder, A.; Kjellin, L. Autobiographical Accounts of Sensing in Asperger Syndrome and
High-Functioning Autism. Arch. Psychiatr. Nurs. 2012, 26, 420–429. [CrossRef] [PubMed]

105. Failla, M.D.; Moana-Filho, E.J.; Essick, G.K.; Baranek, G.T.; Rogers, B.P.; Cascio, C.J. Initially intact neural
responses to pain in autism are diminished during sustained pain. Autism 2018, 22, 669–683. [CrossRef]
[PubMed]

106. Kientz, M.A.; Dunn, W. A Comparison of the Performance of Children with and without Autism on the
Sensory Profile. Am. J. Occup. Ther. 1997, 51, 530–537. [CrossRef] [PubMed]

107. Charrier, A.; Kermarrec, S.; Canitano, R.; Antoine, C.; Brailly-Tabard, S.; Cohen, D.; Haidar, H.;
Trabado, S.; Carlier, M.; Mottron, L.; et al. Relationships Between Self-Injurious Behaviors, Pain Reactivity,
and β-Endorphin in Children and Adolescents With Autism. J. Clin. Psychiatry 2018, 79. [CrossRef]

http://dx.doi.org/10.1097/00001756-200402090-00011
http://dx.doi.org/10.1093/scan/nsl023
http://dx.doi.org/10.1007/s00429-014-0791-z
http://dx.doi.org/10.1080/17470911003683185
http://dx.doi.org/10.1016/j.biopsych.2008.05.013
http://dx.doi.org/10.1002/hbm.21307
http://www.ncbi.nlm.nih.gov/pubmed/21465627
http://dx.doi.org/10.1016/j.biopsych.2013.06.018
http://www.ncbi.nlm.nih.gov/pubmed/23954299
http://dx.doi.org/10.1023/A:1023022709710
http://www.ncbi.nlm.nih.gov/pubmed/10587881
http://dx.doi.org/10.1177/1362361307070908
http://www.ncbi.nlm.nih.gov/pubmed/17175575
http://dx.doi.org/10.1097/01.aud.0000224981.60575.d8
http://www.ncbi.nlm.nih.gov/pubmed/16825892
http://dx.doi.org/10.1007/BF02206995
http://www.ncbi.nlm.nih.gov/pubmed/1828067
http://dx.doi.org/10.1016/j.jpeds.2016.12.071
http://dx.doi.org/10.1001/archpedi.161.4.378
http://dx.doi.org/10.1073/pnas.0835631100
http://dx.doi.org/10.1038/nn1291
http://dx.doi.org/10.1093/brain/awr335
http://www.ncbi.nlm.nih.gov/pubmed/22298195
http://dx.doi.org/10.1016/j.brainres.2005.10.052
http://www.ncbi.nlm.nih.gov/pubmed/16325159
http://dx.doi.org/10.1111/j.1467-7687.2008.00697.x
http://www.ncbi.nlm.nih.gov/pubmed/18576959
http://dx.doi.org/10.1016/j.apnu.2011.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22999038
http://dx.doi.org/10.1177/1362361317696043
http://www.ncbi.nlm.nih.gov/pubmed/28513186
http://dx.doi.org/10.5014/ajot.51.7.530
http://www.ncbi.nlm.nih.gov/pubmed/9242859
http://dx.doi.org/10.4088/JCP.16m10889


Brain Sci. 2019, 9, 130 28 of 41

108. Billstedt, E.; Gillberg, I.C.; Gillberg, C. Autism in adults: Symptom patterns and early childhood predictors.
Use of the DISCO in a community sample followed from childhood. J. Child Psychol. Psychiatry 2007, 48,
1102–1110. [CrossRef]

109. Duerden, E.G.; Taylor, M.J.; Lee, M.; McGrath, P.A.; Davis, K.D.; Roberts, S.W. Decreased Sensitivity to
Thermal Stimuli in Adolescents With Autism Spectrum Disorder: Relation to Symptomatology and Cognitive
Ability. J. Pain 2015, 16, 463–471. [CrossRef]

110. Mikkelsen, M.; Wodka, E.L.; Mostofsky, S.H.; Puts, N.A.J. Autism spectrum disorder in the scope of tactile
processing. Dev. Cogn. Neurosci. 2018, 29, 140–150. [CrossRef]

111. Dalrymple, N.J.; Ruble, L.A. Toilet training and behaviors of people with autism: Parent views. J. Autism
Dev. Disord. 1992, 22, 265–275. [CrossRef] [PubMed]

112. Fiene, L.; Brownlow, C. Investigating interoception and body awareness in adults with and without autism
spectrum disorder. Autism Res. 2015, 8, 709–716. [CrossRef] [PubMed]

113. Reber, A.S.; Allen, R.; Reber, E.S. Penguin Dictionary of Psychology; Penguin: London, UK, 2009.
114. Teitelbaum, P.; Teitelbaum, O.; Nye, J.; Fryman, J.; Maurer, R.G. Movement analysis in infancy may be useful

for early diagnosis of autism. Proc. Acad. Sci. 1998, 95, 13982–13987. [CrossRef] [PubMed]
115. Teitelbaum, O.; Benton, T.; Shah, P.K.; Prince, A.; Kelly, J.L.; Teitelbaum, P. Eshkol–Wachman movement

notation in diagnosis: The early detection of Asperger’s syndrome. Proc. Acad. Sci. 2004, 101, 11909–11914.
[CrossRef] [PubMed]

116. Weimer, A.K.; Schatz, A.M.; Lincoln, A.; Ballantyne, A.O.; Trauner, D.A. “Motor” impairment in Asperger
syndrome: Evidence for a deficit in proprioception. J. Dev. Behav. Pediatr. 2001, 22, 92–101. [CrossRef]
[PubMed]

117. Fuentes, C.T.; Mostofsky, S.H.; Bastian, A.J. No proprioceptive deficits in autism despite movement-related
sensory and execution impairments. J. Autism Dev. Disord. 2011, 41, 1352–1361. [CrossRef] [PubMed]

118. Germani, T.; Zwaigenbaum, L.; Sacrey, L.-A.R.; Bryson, S.E. Reaching and grasping in autism spectrum
disorder: A review of recent literature. Front. Neurol. 2014, 5, 6.

119. Doumas, M.; McKenna, R.; Murphy, B. Postural control deficits in autism spectrum disorder: The role of
sensory integration. J. Autism Dev. Disord. 2016, 46, 853–861. [CrossRef]

120. Molloy, C.A.; Dietrich, K.N.; Bhattacharya, A. Postural Stability in Children with Autism Spectrum Disorder.
J. Autism Dev. Disord. 2003, 33, 643–652. [CrossRef]

121. Shetreat-Klein, M.; Shinnar, S.; Rapin, I. Abnormalities of joint mobility and gait in children with autism
spectrum disorders. Brain Dev. 2014, 36, 91–96. [CrossRef]

122. Linkenauger, S.A.; Lerner, M.D.; Ramenzoni, V.C.; Proffitt, D.R. A Perceptual-Motor Deficit Predicts Social
and Communicative Impairments in Individuals With Autism Spectrum Disorders. Autism Res. 2012, 5,
352–362. [CrossRef]

123. Pokorny, J.J.; Hatt, N.V.; Colombi, C.; Vivanti, G.; Rogers, S.J.; Rivera, S.M. The Action Observation System
when Observing Hand Actions in Autism and Typical Development. Autism Res. 2015, 8, 284–296. [CrossRef]

124. Velikonja, T.; Fett, A.-K.; Velthorst, E. Patterns of non-social and social cognitive functioning in adults with
autism spectrum disorder. JAMA Psychiatry 2019, 76, 135–151. [CrossRef] [PubMed]

125. Heider, F.; Simmel, M. An Experimental Study of Apparent Behavior. Am. J. Psychol. 1944, 57, 243. [CrossRef]
126. Abell, F.; Happé, F.; Frith, U. Do triangles play tricks? Attribution of mental states to animated shapes in

normal and abnormal development. Cogn. Dev. 2000, 15, 1–16. [CrossRef]
127. Klin, A. Attributing Social Meaning to Ambiguous Visual Stimuli in Higher-functioning Autism and Asperger

Syndrome: The Social Attribution Task. J. Child Psychol. Psychiatry 2000, 41, 831–846. [CrossRef] [PubMed]
128. Klin, A.; Jones, W. Attributing social and physical meaning to ambiguous visual displays in individuals with

higher-functioning autism spectrum disorders. Brain Cogn. 2006, 61, 40–53. [CrossRef] [PubMed]
129. Salter, G.; Seigal, A.; Claxton, M.; Lawrence, K.; Skuse, D. Can autistic children read the mind of an animated

triangle? Autism 2008, 12, 349–371. [CrossRef]
130. Grandin, T. How does visual thinking work in the mind of a person with autism? A personal account.

Philos. Trans. Soc. B Boil. Sci. 2009, 364, 1437–1442. [CrossRef]
131. Jones, E.J.H.; Webb, S.J.; Estes, A.; Dawson, G. Rule Learning in Autism: The Role of Reward Type and Social

Context. Dev. Neuropsychol. 2013, 38, 58–77. [CrossRef]
132. Klinger, L.G.; Dawson, G. Prototype formation in autism. Dev. Psychopathol. 2001, 13, 111–124. [CrossRef]

[PubMed]

http://dx.doi.org/10.1111/j.1469-7610.2007.01774.x
http://dx.doi.org/10.1016/j.jpain.2015.02.001
http://dx.doi.org/10.1016/j.dcn.2016.12.005
http://dx.doi.org/10.1007/BF01058155
http://www.ncbi.nlm.nih.gov/pubmed/1624408
http://dx.doi.org/10.1002/aur.1486
http://www.ncbi.nlm.nih.gov/pubmed/25808391
http://dx.doi.org/10.1073/pnas.95.23.13982
http://www.ncbi.nlm.nih.gov/pubmed/9811912
http://dx.doi.org/10.1073/pnas.0403919101
http://www.ncbi.nlm.nih.gov/pubmed/15282371
http://dx.doi.org/10.1097/00004703-200104000-00002
http://www.ncbi.nlm.nih.gov/pubmed/11332785
http://dx.doi.org/10.1007/s10803-010-1161-1
http://www.ncbi.nlm.nih.gov/pubmed/21165765
http://dx.doi.org/10.1007/s10803-015-2621-4
http://dx.doi.org/10.1023/B:JADD.0000006001.00667.4c
http://dx.doi.org/10.1016/j.braindev.2012.02.005
http://dx.doi.org/10.1002/aur.1248
http://dx.doi.org/10.1002/aur.1445
http://dx.doi.org/10.1001/jamapsychiatry.2018.3645
http://www.ncbi.nlm.nih.gov/pubmed/30601878
http://dx.doi.org/10.2307/1416950
http://dx.doi.org/10.1016/S0885-2014(00)00014-9
http://dx.doi.org/10.1111/1469-7610.00671
http://www.ncbi.nlm.nih.gov/pubmed/11079426
http://dx.doi.org/10.1016/j.bandc.2005.12.016
http://www.ncbi.nlm.nih.gov/pubmed/16497422
http://dx.doi.org/10.1177/1362361308091654
http://dx.doi.org/10.1098/rstb.2008.0297
http://dx.doi.org/10.1080/87565641.2012.727049
http://dx.doi.org/10.1017/S0954579401001080
http://www.ncbi.nlm.nih.gov/pubmed/11346046


Brain Sci. 2019, 9, 130 29 of 41

133. Kuschner, E.S.; Bennetto, L.; Yost, K. Patterns of nonverbal cognitive functioning in young children with
autism spectrum disorders. J. Autism Dev. Disord. 2007, 37, 795–807. [CrossRef] [PubMed]

134. Minshew, N.J.; Meyer, J.; Goldstein, G. Abstract reasoning in autism: A disassociation between concept
formation and concept identification. Neuropsychology 2002, 16, 327–334. [CrossRef] [PubMed]

135. Ropar, D.; Peebles, D. Sorting preference in children with autism: The dominance of concrete features.
J. Autism Dev. Disord. 2007, 37, 270–280. [CrossRef]

136. Anthony, L.G.; Kenworthy, L.; Yerys, B.E.; Jankowski, K.F.; James, J.D.; Harms, M.B.; Martin, A.; Wallace, G.L.
Interests in high-functioning autism are more intense, interfering, and idiosyncratic, but not more
circumscribed, than those in neurotypical development. Dev. Psychopathol. 2013, 25, 643–652. [CrossRef]
[PubMed]

137. Baron-Cohen, S.; Wheelwright, S. ‘Obsessions’ in children with autism or Asperger syndrome. Br. J. Psychiatry
1999, 175, 484–490. [CrossRef] [PubMed]

138. Klin, A.; Danovitch, J.H.; Merz, A.B.; Volkmar, F.R. Circumscribed Interests in Higher Functioning Individuals
with Autism Spectrum Disorders: An Exploratory Study. Pr. Pers. Sev. Disabil. 2007, 32, 89–100. [CrossRef]

139. Treffert, D.A. Savant syndrome: Realities, myths and misconceptions. J. Autism Dev. Disord. 2014, 44,
564–571. [CrossRef]

140. Brown, L.M.T.-; Lam, K.S.L.; Holtzclaw, T.N.; Dichter, G.S.; Bodfish, J.W. Phenomenology and measurement
of circumscribed interests in autism spectrum disorders. Autism 2011, 15, 437–456. [CrossRef]

141. Pierce, K.; Conant, D.; Hazin, R.; Stoner, R.; Desmond, J. Preference for geometric patterns early in life as a
risk factor for autism. Arch. Gen. Psychiatry 2011, 68, 101–109. [CrossRef]

142. Pierce, K.; Marinero, S.; Hazin, R.; McKenna, B.; Barnes, C.C.; Malige, A. Eye tracking reveals abnormal visual
preference for geometric images as an early biomarker of an autism spectrum disorder subtype associated
with increased symptom severity. Biol. Psychiatry 2016, 79, 657–666. [CrossRef] [PubMed]

143. Jones, C.R.G.; Happé, F.; Pickles, A.; Marsden, A.J.S.; Tregay, J.; Baird, G.; Simonoff, E.; Charman, T.
‘Everyday memory’ impairments in autism spectrum disorders. J. Autism Dev. Disord. 2011, 41, 455–464.
[CrossRef] [PubMed]

144. Chevallier, C.; Grèzes, J.; Molesworth, C.; Berthoz, S.; Happé, F. Brief report: Selective social anhedonia in
high functioning autism. J. Autism Dev. Disord. 2012, 42, 1504–1509. [CrossRef] [PubMed]

145. Stokes, M.; Newton, N.; Kaur, A. Stalking, and Social and Romantic Functioning Among Adolescents and
Adults with Autism Spectrum Disorder. J. Autism Dev. Disord. 2007, 37, 1969–1986. [CrossRef] [PubMed]

146. Mendelson, J.L.; Gates, J.A.; Lerner, M.D. Friendship in school-age boys with autism spectrum disorders:
A meta-analytic summary and developmental, process-based model. Psychol. Bull. 2016, 142, 601–622.
[CrossRef]

147. Bauminger, N.; Shulman, C.; Agam, G. Peer Interaction and Loneliness in High-Functioning Children with
Autism. J. Autism Dev. Disord. 2003, 33, 489–507. [CrossRef] [PubMed]

148. Whitehouse, A.J.; Durkin, K.; Jaquet, E.; Ziatas, K. Friendship, loneliness and depression in adolescents with
Asperger’s Syndrome. J. Adolesc. 2009, 32, 309–322. [CrossRef] [PubMed]

149. Bishop-Fitzpatrick, L.; Minshew, N.J.; Mazefsky, C.A.; Eack, S.M. Perception of life as stressful, not biological
response to stress, is associated with greater social disability in adults with autism spectrum disorder.
J. Autism Dev. Disord. 2017, 47, 1–16. [CrossRef]

150. Hirvikoski, T.; Blomqvist, M. High self-perceived stress and poor coping in intellectually able adults with
autism spectrum disorder. Autism 2015, 19, 752–757. [CrossRef]

151. Ogawa, S.; Lee, Y.-A.; Yamaguchi, Y.; Shibata, Y.; Goto, Y. Associations of acute and chronic stress hormones
with cognitive functions in autism spectrum disorder. Neuroscience 2017, 343, 229–239. [CrossRef]

152. Bradley, E.A.; Summers, J.A.; Wood, H.L.; Bryson, S.E. Comparing Rates of Psychiatric and Behavior
Disorders in Adolescents and Young Adults with Severe Intellectual Disability with and without Autism.
J. Autism Dev. Disord. 2004, 34, 151–161. [CrossRef] [PubMed]

153. Joshi, G.; Wozniak, J.; Petty, C.; Martelon, M.K.; Fried, R.; Bolfek, A.; Kotte, A.; Stevens, J.; Furtak, S.L.;
Bourgeois, M.; et al. Psychiatric comorbidity and functioning in a clinically referred population of adults
with autism spectrum disorders: A comparative study. J. Autism Dev. Disord. 2013, 43, 1314–1325. [CrossRef]
[PubMed]

154. Lugnegård, T.; Hallerbäck, M.U.; Gillberg, C. Psychiatric comorbidity in young adults with a clinical diagnosis
of Asperger syndrome. Res. Dev. Disabil. 2011, 32, 1910–1917. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s10803-006-0209-8
http://www.ncbi.nlm.nih.gov/pubmed/17004119
http://dx.doi.org/10.1037/0894-4105.16.3.327
http://www.ncbi.nlm.nih.gov/pubmed/12146680
http://dx.doi.org/10.1007/s10803-006-0166-2
http://dx.doi.org/10.1017/S0954579413000072
http://www.ncbi.nlm.nih.gov/pubmed/23880382
http://dx.doi.org/10.1192/bjp.175.5.484
http://www.ncbi.nlm.nih.gov/pubmed/10789283
http://dx.doi.org/10.2511/rpsd.32.2.89
http://dx.doi.org/10.1007/s10803-013-1906-8
http://dx.doi.org/10.1177/1362361310386507
http://dx.doi.org/10.1001/archgenpsychiatry.2010.113
http://dx.doi.org/10.1016/j.biopsych.2015.03.032
http://www.ncbi.nlm.nih.gov/pubmed/25981170
http://dx.doi.org/10.1007/s10803-010-1067-y
http://www.ncbi.nlm.nih.gov/pubmed/20635196
http://dx.doi.org/10.1007/s10803-011-1364-0
http://www.ncbi.nlm.nih.gov/pubmed/21986875
http://dx.doi.org/10.1007/s10803-006-0344-2
http://www.ncbi.nlm.nih.gov/pubmed/17273936
http://dx.doi.org/10.1037/bul0000041
http://dx.doi.org/10.1023/A:1025827427901
http://www.ncbi.nlm.nih.gov/pubmed/14594329
http://dx.doi.org/10.1016/j.adolescence.2008.03.004
http://www.ncbi.nlm.nih.gov/pubmed/18692233
http://dx.doi.org/10.1007/s10803-016-2910-6
http://dx.doi.org/10.1177/1362361314543530
http://dx.doi.org/10.1016/j.neuroscience.2016.12.003
http://dx.doi.org/10.1023/B:JADD.0000022606.97580.19
http://www.ncbi.nlm.nih.gov/pubmed/15162934
http://dx.doi.org/10.1007/s10803-012-1679-5
http://www.ncbi.nlm.nih.gov/pubmed/23076506
http://dx.doi.org/10.1016/j.ridd.2011.03.025
http://www.ncbi.nlm.nih.gov/pubmed/21515028


Brain Sci. 2019, 9, 130 30 of 41

155. Muris, P.; Steerneman, P.; Merckelbach, H.; Holdrinet, I.; Meesters, C. Comorbid Anxiety Symptoms in
Children with Pervasive Developmental Disorders. J. Anxiety Disord. 1998, 12, 387–393. [CrossRef]

156. McConnell, B.; Szatmari, P.; Geschwind, D.; Dawson, G. Anxiety and Mood Disorders in Individuals with
Autism Spectrum Disorder. In Autism Spectrum Disorders; Oxford University Press (OUP): New York, NY,
USA, 2011; pp. 330–338.

157. Bodfish, J.W.; Geschwind, D.; Dawson, G. Repetitive Behaviors in Individuals with Autism Spectrum
Disorders. In Autism Spectrum Disorders; Oxford University Press (OUP): New York, NY, USA, 2011;
pp. 200–212.

158. Richler, J.; Huerta, M.; Bishop, S.L.; Lord, C. Developmental trajectories of restricted and repetitive behaviors
and interests in children with autism spectrum disorders. Dev. Psychopathol. 2010, 22, 55–69. [CrossRef]

159. Lam, K.S.; Bodfish, J.W.; Piven, J. Evidence for three subtypes of repetitive behavior in autism that differ in
familiality and association with other symptoms. J. Child Psychol. Psychiatry 2008, 49, 1193–1200. [CrossRef]

160. Richler, J.; Bishop, S.L.; Kleinke, J.R.; Lord, C. Restricted and repetitive behaviors in young children with
autism spectrum disorders. J. Autism Dev. Disord. 2007, 37, 73–85. [CrossRef]

161. Goldman, S.; Wang, C.; Salgado, M.W.; Greene, P.E.; Kim, M.; Rapin, I. Motor stereotypies in children with
autism and other developmental disorders. Dev. Med. Child. Neurol. 2008, 51, 30–38. [CrossRef]

162. Wolff, J.J.; Botteron, K.N.; Dager, S.R.; Elison, J.T.; Estes, A.M.; Gu, H.; Hazlett, H.C.; Pandey, J.; Paterson, S.J.;
Schultz, R.T.; et al. Longitudinal Patterns of Repetitive Behavior in Toddlers with Autism. J. Child Psychol.
Psychiatry 2014, 55, 945–953. [CrossRef]

163. Esbensen, A.J.; Bishop, S.L.; Seltzer, M.M.; Greenberg, J.S.; Taylor, J.L. Comparisons Between Individuals
With Autism Spectrum Disorders and Individuals With Down Syndrome in Adulthood. Am. J. Intellect. Dev.
Disabil. 2010, 115, 277–290. [CrossRef]

164. Klin, A.; Saulnier, C.A.; Sparrow, S.S.; Cicchetti, D.V.; Volkmar, F.R.; Lord, C. Social and communication
abilities and disabilities in higher functioning individuals with autism spectrum disorders: The Vineland
and the ADOS. J. Autism Dev. Disord. 2007, 37, 748–759. [CrossRef] [PubMed]

165. Kuschner, E.S.; Eisenberg, I.W.; Orionzi, B.; Simmons, W.K.; Kenworthy, L.; Martin, A.; Wallace, G.L.
A preliminary study of self-reported food selectivity in adolescents and young adults with autism spectrum
disorder. Res. Autism Spectr. Disord. 2015, 15, 53–59. [CrossRef] [PubMed]

166. Sharp, W.G.; Berry, R.C.; McCracken, C.; Nuhu, N.N.; Marvel, E.; Saulnier, C.A.; Klin, A.; Jones, W.;
Jaquess, D.L. Feeding Problems and Nutrient Intake in Children with Autism Spectrum Disorders:
A Meta-analysis and Comprehensive Review of the Literature. J. Autism Dev. Disord. 2013, 43, 2159–2173.
[CrossRef] [PubMed]

167. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 4th ed.;
American Psychiatric Association: Washington DC, USA, 1994.

168. Dubbelink, L.M.E.O.; Geurts, H.M. Planning Skills in Autism Spectrum Disorder Across the Lifespan:
A Meta-analysis and Meta-regression. J. Autism. Dev. Disord. 2017, 47, 1148–1165. [CrossRef] [PubMed]

169. Seltzer, M.M.; Greenberg, J.S.; Orsmond, G.I.; Esbensen, A.; Hong, J.; Taylor, J.L.; Smith, L.; Geschwind, D.;
Dawson, G. Adolescents and Adults with Autism Spectrum Disorders. In Autism Spectrum Disorders;
Oxford University Press (OUP): New York, NY, USA, 2011; pp. 241–252.

170. Bauman, M.L.; Geschwind, D.; Dawson, G. Autism Spectrum Disorders: Identification and Implications of
Associated Medical Conditions. In Autism Spectrum Disorders; Oxford University Press (OUP): New York,
NY, USA, 2011; pp. 1215–1224.

171. Buie, T.; Geschwind, D.; Dawson, G. Gastrointestinal Problems in Individuals with Autism Spectrum
Disorders. In Autism Spectrum Disorders; Oxford University Press (OUP): New York, NY, USA, 2011;
pp. 420–430.

172. Gillberg, C.; Neville, B. Autism and epilepsy. In Researching the Autism Spectrum: Contemporary Perspectives;
Roth, I., Rezaie, P., Eds.; Cambridge University Press: Cambridge, UK, 2011; pp. 176–189.

173. Porter, A.E.; Glaze, D.G. Sleep problems. In Autism Spectrum Disorders; Amaral, D.G., Dawson, G.,
Geschwind, D.H., Eds.; Oxford University Press: New York, NY, USA, 2011; pp. 431–444.

174. Sacco, R.; Gabriele, S.; Persico, A.M. Head circumference and brain size in autism spectrum disorder:
A systematic review and meta-analysis. Psychiatry Res. Neuroimaging 2015, 234, 239–251. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/S0887-6185(98)00022-X
http://dx.doi.org/10.1017/S0954579409990265
http://dx.doi.org/10.1111/j.1469-7610.2008.01944.x
http://dx.doi.org/10.1007/s10803-006-0332-6
http://dx.doi.org/10.1111/j.1469-8749.2008.03178.x
http://dx.doi.org/10.1111/jcpp.12207
http://dx.doi.org/10.1352/1944-7558-115.4.277
http://dx.doi.org/10.1007/s10803-006-0229-4
http://www.ncbi.nlm.nih.gov/pubmed/17146708
http://dx.doi.org/10.1016/j.rasd.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/26309446
http://dx.doi.org/10.1007/s10803-013-1771-5
http://www.ncbi.nlm.nih.gov/pubmed/23371510
http://dx.doi.org/10.1007/s10803-016-3013-0
http://www.ncbi.nlm.nih.gov/pubmed/28160225
http://dx.doi.org/10.1016/j.pscychresns.2015.08.016
http://www.ncbi.nlm.nih.gov/pubmed/26456415


Brain Sci. 2019, 9, 130 31 of 41

175. Howlin, P.; Goode, S.; Hutton, J.; Rutter, M. Adult outcome for children with autism. J. Child Psychol.
Psychiatry 2004, 45, 212–229. [CrossRef]

176. Grandin, T. An inside view of autism. In High-Functioning Individuals with Autism; Schopler, E., Mesibov, G.B.,
Eds.; Plenum Press: New York, NY, USA, 1992; pp. 105–126.

177. Baron-Cohen, S. Hey! It was just a joke! Understanding propositions and propositional attitudes by normally
developing children and children with autism. J. Psychiatry Relat. Sci. 1997, 34, 174–178.

178. McCann, J.; Peppé, S.; Gibbon, F.E.; O’Hare, A.; Rutherford, M.; Cleland, J. Prosody and its relationship to
language in school-aged children with high-functioning autism. Int. J. Commun. Disord. 2007, 42, 682–702.
[CrossRef]

179. Paul, R.; Augustyn, A.; Klin, A.; Volkmar, F.R. Perception and Production of Prosody by Speakers with
Autism Spectrum Disorders. J. Autism Dev. Disord. 2005, 35, 205–220. [CrossRef]

180. Rosenblau, G.; Kliemann, D.; Dziobek, I.; Heekeren, H.R. Emotional prosody processing in autism spectrum
disorder. Soc. Cogn. Affect Neurosci. 2017, 12, 224–239. [CrossRef]

181. Rapin, I. Atypical sensory/perceptual responsiveness. In Autism: A Neurological Disorder of Early Brain
Development; Tuchman, R., Rapin, I., Eds.; Mac Keith Press: London, UK, 2006; pp. 202–230.

182. Freese, J.L.; Amaral, D.G. Neuroanatomy of the primate amygdala. In The Human Amygdala; Whalen, P.J.,
Phelps, E.A., Eds.; Guilford Press: New York, NY, USA, 2009; pp. 3–42.

183. Schumann, C.M.; Amaral, D.G. Stereological Analysis of Amygdala Neuron Number in Autism. J. Neurosci.
2006, 26, 7674–7679. [CrossRef] [PubMed]

184. Von dem Hagen, E.A.H.; Stoyanova, R.S.; Baron-Cohen, S.; Calder, A.J. Reduced functional connectivity
within and between ‘social’ resting state networks in autism spectrum conditions. Soc. Cogn. Affect Neurosci.
2013, 8, 694–701. [CrossRef] [PubMed]

185. LaBar, K.S.; Warren, L.H. Methodological approaches to studying the human amygdala. In The Human
Amygdala; Whalen, P.J., Phelps, E.A., Eds.; Guilford Press: New York, NY, USA, 2009; pp. 155–176.

186. Rutishauser, U.; Tudusciuc, O.; Wang, S.; Mamelak, A.N.; Ross, I.B.; Adolphs, R. Single-neuron correlates of
atypical face processing in autism. Neuron 2013, 80, 887–899. [CrossRef] [PubMed]

187. Sturm, V.; Fricke, O.; Bührle, C.P.; Lenartz, D.; Maarouf, M.; Treuer, H.; Mai, J.K.; Lehmkuhl, G.; Buehrle, C.P.
DBS in the basolateral amygdala improves symptoms of autism and related self-injurious behavior: A case
report and hypothesis on the pathogenesis of the disorder. Front. Hum. Neurosci. 2013, 6, 341. [CrossRef]
[PubMed]

188. Kim, J.E.; Lyoo, I.K.; Estes, A.M.; Renshaw, P.F.; Shaw, D.W.; Friedman, S.D.; Kim, D.J.; Yoon, S.J.; Hwang, J.;
Dager, S.R. Laterobasal Amygdalar Enlargement in 6- to 7-Year-Old Children With Autism Spectrum Disorder.
Arch. Psychiatry 2010, 67, 1187–1197. [CrossRef] [PubMed]

189. Nordahl, C.W.; Scholz, R.; Yang, X.; Buonocore, M.H.; Simon, T.; Rogers, S.; Amaral, D.G. Increased Rate of
Amygdala Growth in Children Aged 2 to 4 Years With Autism Spectrum Disorders. Arch. Psychiatry 2012, 69,
53–61. [CrossRef]

190. Sato, W.; Kochiyama, T.; Uono, S.; Yoshimura, S.; Kubota, Y.; Sawada, R.; Sakihama, M.; Toichi, M.
Reduced gray matter volume in the social brain network in adults with autism spectrum disorder. Front. Hum.
Neurosci. 2017, 11, 395. [CrossRef] [PubMed]

191. Schumann, C.M.; Amaral, D.G. The human amygdala in autism. In The Human Amygdala; Whalen, P.J.,
Phelps, E.A., Eds.; Guilford Press: New York, NY, USA, 2009; pp. 362–381.

192. Munson, J.; Dawson, G.; Abbott, R.; Faja, S.; Webb, S.J.; Friedman, S.D.; Shaw, D.; Artru, A.; Dager, S.R.
Amygdalar Volume and Behavioral Development in Autism. Arch. Psychiatry 2006, 63, 686–693. [CrossRef]

193. Nacewicz, B.M.; Dalton, K.M.; Johnstone, T.; Long, M.T.; McAuliff, E.M.; Oakes, T.R.; Alexander, A.L.;
Davidson, R.J. Amygdala Volume and Nonverbal Social Impairment in Adolescent and Adult Males With
Autism. Arch. Psychiatry 2006, 63, 1417–1428. [CrossRef]

194. Price, J.L. Definition of the Orbital Cortex in Relation to Specific Connections with Limbic and Visceral
Structures and Other Cortical Regions. Ann. N. Y. Acad. Sci. 2007, 1121, 54–71. [CrossRef]

195. Cruz-Rizzolo, R.J.; Cavada, C.; Compañy, T.; Tejedor, J.; Reinoso-Suárez, F. The Anatomical Connections of
the Macaque Monkey Orbitofrontal Cortex. A Review. Cereb. Cortex 2000, 10, 220–242.

196. Tamminga, C.A. The human brain. Am. J. Psychiatry 2004, 161, 1169. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1469-7610.2004.00215.x
http://dx.doi.org/10.1080/13682820601170102
http://dx.doi.org/10.1007/s10803-004-1999-1
http://dx.doi.org/10.1093/scan/nsw118
http://dx.doi.org/10.1523/JNEUROSCI.1285-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16855095
http://dx.doi.org/10.1093/scan/nss053
http://www.ncbi.nlm.nih.gov/pubmed/22563003
http://dx.doi.org/10.1016/j.neuron.2013.08.029
http://www.ncbi.nlm.nih.gov/pubmed/24267649
http://dx.doi.org/10.3389/fnhum.2012.00341
http://www.ncbi.nlm.nih.gov/pubmed/23346052
http://dx.doi.org/10.1001/archgenpsychiatry.2010.148
http://www.ncbi.nlm.nih.gov/pubmed/21041620
http://dx.doi.org/10.1001/archgenpsychiatry.2011.145
http://dx.doi.org/10.3389/fnhum.2017.00395
http://www.ncbi.nlm.nih.gov/pubmed/28824399
http://dx.doi.org/10.1001/archpsyc.63.6.686
http://dx.doi.org/10.1001/archpsyc.63.12.1417
http://dx.doi.org/10.1196/annals.1401.008
http://dx.doi.org/10.1176/appi.ajp.161.7.1169
http://www.ncbi.nlm.nih.gov/pubmed/15229045


Brain Sci. 2019, 9, 130 32 of 41

197. Clark, L.; Bechara, A.; Damasio, H.; Aitken, M.R.F.; Sahakian, B.J.; Robbins, T.W. Differential effects of insular
and ventromedial prefrontal cortex lesions on risky decision-making. Brain 2008, 131, 1311–1322. [CrossRef]
[PubMed]

198. Kringelbach, M.L. The functional neuroanatomy of the human orbitofrontal cortex: Evidence from
neuroimaging and neuropsychology. Prog. Neurobiol. 2004, 72, 341–372. [CrossRef] [PubMed]

199. Rudebeck, P.H.; Murray, E.A. Balkanizing the primate orbitofrontal cortex: Distinct subregions for comparing
and contrasting values. Ann. N. Y. Acad. Sci. 2011, 1239, 1–13. [CrossRef]

200. Kaiser, M.D.; Hudac, C.M.; Shultz, S.; Lee, S.M.; Cheung, C.; Berken, A.M.; Deen, B.; Pitskel, N.B.; Sugrue, D.R.;
Voos, A.C.; et al. Neural signatures of autism. Proc. Acad. Sci. 2010, 107, 21223–21228. [CrossRef]

201. Boes, A.D.; Mehta, S.; Rudrauf, D.; van der Plas, E.; Grabowski, T.; Adolphs, R.; Nopoulo, P. Changes in
cortical morphology resulting from long-term amygdala damage. Soc. Cogn. Affect Neurosci. 2012, 7, 588–595.
[CrossRef]

202. Herringshaw, A.J.; Ammons, C.J.; DeRamus, T.P.; Kana, R.K. Hemispheric differences in language processing
in autism spectrum disorders: A meta-analysis of neuroimaging studies. Autism Res. 2016, 9, 1046–1057.
[CrossRef]

203. Muñoz-Yunta, J.; Ortíz, T.; Palau-Baduell, M.; Martín-Muñoz, L.; Salvadó-Salvadó, B.; Valls-Santasusana, A.;
Perich-Alsina, J.; Cristobal, I.; Fernández, A.; Maestu, F.; et al. Magnetoencephalographic pattern of
epileptiform activity in children with early-onset autism spectrum disorders. Clin. Neurophysiol. 2008, 119,
626–634. [CrossRef]

204. Nieuwenhuys, R. The insular cortex: A review. In Evolution of the Primate Brain: From Neuron to Behavior;
Hofman, M.A., Falk, D., Eds.; Progress in Brain Research; Elsevier: Amsterdam, The Netherlands, 2012;
Volume 195, pp. 123–163.

205. Fanselow, M.S.; Wassum, K.M. The origins and organization of vertebrate Pavlovian conditioning. Cold Spring
Harb. Perspect. Biol. 2016, 8, a021717. [CrossRef]

206. LeDoux, J.E. Coming to terms with fear. Proc. Acad. Sci. 2014, 111, 2871–2878. [CrossRef] [PubMed]
207. McGaugh, J.L. Making lasting memories: Remembering the significant. Proc. Acad. Sci. 2013, 110,

10402–10407. [CrossRef] [PubMed]
208. McIntyre, C.K.; McGaugh, J.L.; Williams, C.L. Interacting brain systems modulate memory consolidation.

Neurosci. Biobehav. Rev. 2012, 36, 1750–1762. [CrossRef] [PubMed]
209. Shin, L.M.; Liberzon, I. The neurocircuitry of fear, stress, and anxiety disorders. Neuropsychopharmacology

2010, 35, 169–191. [CrossRef] [PubMed]
210. Anderson, A.K.; Phelps, E.A. Is the Human Amygdala Critical for the Subjective Experience of Emotion?

Evidence of Intact Dispositional Affect in Patients with Amygdala Lesions. J. Cogn. Neurosci. 2002, 14,
709–720. [CrossRef] [PubMed]

211. Feinstein, J.S.; Buzza, C.; Hurlemann, R.; Follmer, R.L.; Dahdaleh, N.S.; Coryell, W.H.; Welsh, M.J.; Tranel, D.;
Wemmie, J.A. Fear and panic in humans with bilateral amygdala damage. Nat. Neurosci. 2013, 16, 270–272.
[CrossRef] [PubMed]

212. Jacobson, R. Disorders of facial recognition, social behaviour and affect after combined bilateral amygdalotomy
and subcaudate tractotomy—A clinical and experimental study. Psychol. Med. 1986, 16, 439–450. [CrossRef]

213. Khalsa, S.S.; Feinstein, J.S.; Li, W.; Feusner, J.D.; Adolphs, R.; Hurlemann, R. Panic Anxiety in Humans
with Bilateral Amygdala Lesions: Pharmacological Induction via Cardiorespiratory Interoceptive Pathways.
J. Neurosci. 2016, 36, 3559–3566. [CrossRef]

214. Koenigs, M.; Huey, E.D.; Raymont, V.; Cheon, B.; Solomon, J.; Wassermann, E.M.; Grafman, J. Focal brain
damage protects against post-traumatic stress disorder in combat veterans. Nat. Neurosci. 2008, 11, 232–237.
[CrossRef]

215. Shi, T.-Y.; Feng, S.-F.; Wei, M.-X.; Huang, Y.; Liu, G.; Wu, H.-T.; Zhang, Y.-X.; Zhou, W.-X. Kainate receptor
mediated presynaptic LTP in agranular insular cortex contributes to fear and anxiety in mice.
Neuropharmacology 2018, 128, 388–400. [CrossRef]

216. Hernádi, I.; Grabenhorst, F.; Schultz, W. Planning activity for internally generated reward goals in monkey
amygdala neurons. Nat. Neurosci. 2015, 18, 461–469. [CrossRef] [PubMed]

217. Amaral, D.G.; Price, J.L. Amygdalo-cortical projections in the monkey (Macaca fascicularis). J. Comp. Neurol.
1984, 230, 465–496. [CrossRef] [PubMed]

218. Geschwind, N. Disconnexion Syndromes in Animals and Man. Brain 1965, 88, 237. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/brain/awn066
http://www.ncbi.nlm.nih.gov/pubmed/18390562
http://dx.doi.org/10.1016/j.pneurobio.2004.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15157726
http://dx.doi.org/10.1111/j.1749-6632.2011.06267.x
http://dx.doi.org/10.1073/pnas.1010412107
http://dx.doi.org/10.1093/scan/nsr047
http://dx.doi.org/10.1002/aur.1599
http://dx.doi.org/10.1016/j.clinph.2007.11.007
http://dx.doi.org/10.1101/cshperspect.a021717
http://dx.doi.org/10.1073/pnas.1400335111
http://www.ncbi.nlm.nih.gov/pubmed/24501122
http://dx.doi.org/10.1073/pnas.1301209110
http://www.ncbi.nlm.nih.gov/pubmed/23754441
http://dx.doi.org/10.1016/j.neubiorev.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22085800
http://dx.doi.org/10.1038/npp.2009.83
http://www.ncbi.nlm.nih.gov/pubmed/19625997
http://dx.doi.org/10.1162/08989290260138618
http://www.ncbi.nlm.nih.gov/pubmed/12167256
http://dx.doi.org/10.1038/nn.3323
http://www.ncbi.nlm.nih.gov/pubmed/23377128
http://dx.doi.org/10.1017/S0033291700009272
http://dx.doi.org/10.1523/JNEUROSCI.4109-15.2016
http://dx.doi.org/10.1038/nn2032
http://dx.doi.org/10.1016/j.neuropharm.2017.10.037
http://dx.doi.org/10.1038/nn.3925
http://www.ncbi.nlm.nih.gov/pubmed/25622146
http://dx.doi.org/10.1002/cne.902300402
http://www.ncbi.nlm.nih.gov/pubmed/6520247
http://dx.doi.org/10.1093/brain/88.2.237
http://www.ncbi.nlm.nih.gov/pubmed/5318481


Brain Sci. 2019, 9, 130 33 of 41

219. Weston, C.S.E. Amygdala Represents Diverse Forms of Intangible Knowledge, That Illuminate Social
Processing and Major Clinical Disorders. Front. Hum. Neurosci. 2018, 12, 336. [CrossRef] [PubMed]

220. Sander, D.; Grafman, J.; Zalla, T. The Human Amygdala: An Evolved System for Relevance Detection.
Rev. Neurosci. 2003, 14, 303–316. [CrossRef] [PubMed]

221. Whalen, P.J.; Phelps, E.A. (Eds.) The Human Amygdala; Guilford Press: New York, NY, USA, 2009.
222. Andino, S.L.G.; Menendez, R.G.D.P.; De Peralta, R.G. Coding of saliency by ensemble bursting in the

amygdala of primates. Front. Behav. Neurosci. 2012, 6, 38.
223. Gerbella, M.; Baccarini, M.; Borra, E.; Rozzi, S.; Luppino, G. Amygdalar connections of the macaque areas

45A and 45B. Brain Struct. Funct. 2014, 219, 831–842. [CrossRef] [PubMed]
224. Wang, Q.; DiNicola, L.; Heymann, P.; Hampson, M.; Chawarska, K. Impaired Value Learning for Faces

in Preschoolers With Autism Spectrum Disorder. J. Am. Acad. Child Adolesc. Psychiatry 2018, 57, 33–40.
[CrossRef]

225. Freese, J.L.; Amaral, D.G. The organization of projections from the amygdala to visual cortical areas TE and
V1 in the macaque monkey. J. Comp. Neurol. 2005, 486, 295–317. [CrossRef]

226. Freese, J.L.; Amaral, D.G. The Synaptic Organization of Projections from the Amygdala to Visual Cortical
Areas TE and V1 in the Macaque Monkey. J. Comp. Neurol. 2006, 496, 655–667. [CrossRef]

227. Sato, W.; Kochiyama, T.; Uono, S.; Matsuda, K.; Usui, K.; Usui, N.; Inoue, Y.; Toichi, M. Bidirectional electric
communication between the inferior occipital gyrus and the amygdala during face processing. Hum. Brain
Mapp. 2017, 38, 4511–4524. [CrossRef] [PubMed]

228. Smith, C.D.; Lori, N.F.; Akbudak, E.; Sorar, E.; Gultepe, E.; Shimony, J.S.; McKinstry, R.C.; Conturo, T.E.
MRI diffusion tensor tracking of a new amygdalo-fusiform and hippocampo-fusiform pathway system in
humans. J. Magn. Reson. Imaging 2009, 29, 1248–1261. [CrossRef] [PubMed]

229. Conturo, T.E.; Williams, D.L.; Smith, C.D.; Gultepe, E.; Akbudak, E.; Minshew, N.J. Neuronal fiber pathway
abnormalities in autism: An initial MRI diffusion tensor tracking study of hippocampo-fusiform and
amygdalo-fusiform pathways. J. Int. Neuropsychol. Soc. 2008, 14, 933–946. [CrossRef] [PubMed]

230. Kleinhans, N.M.; Richards, T.; Sterling, L.; Stegbauer, K.C.; Mahurin, R.; Johnson, L.C.; Greenson, J.;
Dawson, G.; Aylward, E. Abnormal functional connectivity in autism spectrum disorders during face
processing. Brain 2008, 131, 1000–1012. [CrossRef] [PubMed]

231. Hadj-Bouziane, F.; Liu, N.; Bell, A.H.; Gothard, K.M.; Luh, W.-M.; Tootell, R.B.H.; Murray, E.A.;
Ungerleider, L.G. Amygdala lesions disrupt modulation of functional MRI activity evoked by facial
expression in the monkey inferior temporal cortex. Proc. Acad. Sci. 2012, 109, E3640–E3648. [CrossRef]
[PubMed]

232. Yukie, M. Connections between the amygdala and auditory cortical areas in the macaque monkey.
Neurosci. Res. 2002, 42, 219–229. [CrossRef]

233. Elison, J.T.; Wolff, J.J.; Heimer, D.C.; Paterson, S.J.; Gu, H.; Hazlett, H.C.; Styner, M.; Gerig, G.; Piven, J.
The IBIS Network. Frontolimbic neural circuitry at 6 months predicts individual differences in joint attention
at 9 months. Dev. Sci. 2013, 16, 186–197. [CrossRef]

234. Rapin, I. Introduction. Autism turns 65: A neurologist’s bird’s eye view. In Autism Spectrum Disorders;
Amaral, D.G., Dawson, G., Geschwind, D.H., Eds.; Oxford University Press: New York, NY, USA, 2011;
pp. 3–14.

235. Zangemeister, L.; Grabenhorst, F.; Schultz, W. Neural Basis for Economic Saving Strategies in Human
Amygdala-Prefrontal Reward Circuits. Curr. Boil. 2016, 26, 3004–3013. [CrossRef]

236. Anderson, S.W.; Barrash, J.; Bechara, A.; Tranel, D. Impairments of emotion and real-world complex behavior
following childhood- or adult-onset damage to ventromedial prefrontal cortex. J. Int. Neuropsychol. Soc.
2006, 12, 224–235. [CrossRef]

237. Damasio, A.R. Descartes’ Error: Emotion, Reason & the Human Brain; Picador: London, UK, 1994.
238. Dimitrov, M.; Phipps, M.; Zahn, T.P.; Grafman, J. A thoroughly modern gage. Neurocase 1999, 5, 345–354.

[CrossRef]
239. Kavaliers, M.; Colwell, D.D.; Choleris, E.; Ossenkopp, K.-P. Learning to cope with biting flies: Rapid

NMDA-mediated acquisition of conditioned analgesia. Behav. Neurosci. 1999, 113, 126–135. [CrossRef]
[PubMed]

240. Anderson, S.W.; Bechara, A.; Damasio, H.; Tranel, D.; Damasio, A.R. Impairment of social and moral behavior
related to early damage in human prefrontal cortex. Nat. Neurosci. 1999, 2, 1032–1037. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fnhum.2018.00336
http://www.ncbi.nlm.nih.gov/pubmed/30186129
http://dx.doi.org/10.1515/REVNEURO.2003.14.4.303
http://www.ncbi.nlm.nih.gov/pubmed/14640318
http://dx.doi.org/10.1007/s00429-013-0538-2
http://www.ncbi.nlm.nih.gov/pubmed/23529193
http://dx.doi.org/10.1016/j.jaac.2017.10.014
http://dx.doi.org/10.1002/cne.20520
http://dx.doi.org/10.1002/cne.20945
http://dx.doi.org/10.1002/hbm.23678
http://www.ncbi.nlm.nih.gov/pubmed/28573679
http://dx.doi.org/10.1002/jmri.21692
http://www.ncbi.nlm.nih.gov/pubmed/19418556
http://dx.doi.org/10.1017/S1355617708081381
http://www.ncbi.nlm.nih.gov/pubmed/18954474
http://dx.doi.org/10.1093/brain/awm334
http://www.ncbi.nlm.nih.gov/pubmed/18234695
http://dx.doi.org/10.1073/pnas.1218406109
http://www.ncbi.nlm.nih.gov/pubmed/23184972
http://dx.doi.org/10.1016/S0168-0102(01)00325-X
http://dx.doi.org/10.1111/desc.12015
http://dx.doi.org/10.1016/j.cub.2016.09.016
http://dx.doi.org/10.1017/S1355617706060346
http://dx.doi.org/10.1080/13554799908411987
http://dx.doi.org/10.1037/0735-7044.113.1.126
http://www.ncbi.nlm.nih.gov/pubmed/10197912
http://dx.doi.org/10.1038/14833
http://www.ncbi.nlm.nih.gov/pubmed/10526345


Brain Sci. 2019, 9, 130 34 of 41

241. Boes, A.D.; Grafft, A.H.; Joshi, C.; Chuang, N.A.; Nopoulos, P.; Anderson, S.W. Behavioral effects of congenital
ventromedial prefrontal cortex malformation. BMC Neurol. 2011, 11, 151. [CrossRef] [PubMed]

242. Koenigs, M.; Sutterer, M.; Tranel, D.; Taber-Thomas, B.C.; Asp, E.W.; Anderson, S.W. Arrested development:
Early prefrontal lesions impair the maturation of moral judgement. Brain 2014, 137, 1254–1261.

243. Young, L.; Koenigs, M. Investigating emotion in moral cognition: A review of evidence from functional
neuroimaging and neuropsychology. Br. Med. 2007, 84, 69–79. [CrossRef] [PubMed]

244. McNamee, D.; Rangel, A.; O’Doherty, J.P. Category-dependent and category-independent goal-value codes
in human ventromedial prefrontal cortex. Nat. Neurosci. 2013, 16, 479–485. [CrossRef] [PubMed]

245. Piech, R.M.; Lewis, J.; Parkinson, C.H.; Owen, A.M.; Roberts, A.C.; Downing, P.E.; Parkinson, J.A.
Neural Correlates of Appetite and Hunger-Related Evaluative Judgments. PLoS ONE 2009, 4, e6581.
[CrossRef] [PubMed]

246. Price, J.L. Connections of orbital cortex. In The Orbitofrontal Cortex; Zald, D.H., Rauch, S.L., Eds.;
Oxford University Press: New York, NY, USA, 2006; pp. 39–55.

247. Rolls, E.T. Taste, olfactory, and food texture processing in the brain, and the control of food intake.
Physiol. Behav. 2005, 85, 45–56. [CrossRef] [PubMed]

248. Reber, J.; Feinstein, J.S.; O’Doherty, J.P.; Liljeholm, M.; Adolphs, R.; Tranel, D. Selective impairment of
goal-directed decision-making following lesions to the human ventromedial prefrontal cortex. Brain 2017,
140, 1743–1756. [CrossRef]

249. Kim, H.; Adolphs, R.; O’Doherty, J.P.; Shimojo, S. Temporal isolation of neural processes underlying face
preference decisions. Proc. Acad. Sci. 2007, 104, 18253–18258. [CrossRef]

250. Dougherty, D.D.; Rauch, S.L.; Deckersbach, T.; Marci, C.; Loh, R.; Shin, L.M.; Alpert, N.M.; Fischman, A.J.;
Fava, M. Ventromedial Prefrontal Cortex and Amygdala Dysfunction During an AngerInduction Positron
Emission Tomography Study in Patients With Major DepressiveDisorder With Anger Attacks. Arch. Psychiatry
2004, 61, 795–804. [CrossRef] [PubMed]

251. Fabiansson, E.C.; Denson, T.F.; Moulds, M.L.; Grisham, J.R.; Schira, M.M. Don’t look back in anger: Neural
correlates of reappraisal, analytical rumination, and angry rumination during recall of an anger-inducing
autobiographical memory. NeuroImage 2012, 59, 2974–2981. [CrossRef] [PubMed]

252. Grafman, J.; Schwab, K.; Warden, D.; Pridgen, A.; Brown, H.R.; Salazar, A.M. Frontal lobe injuries, violence,
and aggression: A report of the Vietnam Head Injury Study. Neurology 1996, 46, 1231. [CrossRef]

253. Jones, B.E. Basic Mechanisms of Sleep-Wake States. In Principles and Practice of Sleep Medicine; Elsevier BV:
Amsterdam, The Netherlands, 2005; pp. 136–153.

254. Mander, B.A.; Rao, V.; Lu, B.; Saletin, J.M.; Lindquist, J.R.; Ancoli-Israel, S.; Jagust, W.; Walker, M.P.
Prefrontal atrophy, disrupted NREM slow waves and impaired hippocampal-dependent memory in aging.
Nat. Neurosci. 2013, 16, 357–364. [CrossRef] [PubMed]

255. Nofzinger, E.A.; Maquet, P. What Brain Imaging Reveals about Sleep Generation and Maintenance.
In Principles and Practice of Sleep Medicine; Elsevier BV: Amsterdam, The Netherlands, 2011; pp. 201–214.

256. Shan, Z.Y.; Kwiatek, R.; Burnet, R.; Del Fante, P.; Staines, D.R.; Marshall-Gradisnik, S.M.; Barnden, L.R.
Medial prefrontal cortex deficits correlate with unrefreshing sleep in patients with chronic fatigue syndrome.
NMR Biomed. 2017, 30, e3757. [CrossRef]

257. Atomi, T.; Noriuchi, M.; Oba, K.; Atomi, Y.; Kikuchi, Y. Self-Recognition of One’s Own Fall Recruits the
Genuine Bodily Crisis-Related Brain Activity. PLoS ONE 2014, 9, 115303. [CrossRef] [PubMed]

258. Kaas, J.H. Somatosensory system. In The Human Nervous System, 2nd ed.; Paxinos, G., Mai, J.K., Eds.;
Elsevier Academic Press: London, UK, 2004; pp. 1059–1092.

259. Rozzi, S.; Calzavara, R.; Belmalih, A.; Borra, E.; Gregoriou, G.G.; Matelli, M.; Luppino, G. Cortical connections
of the inferior parietal cortical convexity of the macaque monkey. Cereb. Cortex 2006, 16, 1389–1417. [CrossRef]

260. Sereno, M.I.; Huang, R.-S. Multisensory maps in parietal cortex. Curr. Opin. Neurobiol. 2014, 24, 39–46.
[CrossRef]

261. Mosconi, M.W.; Takarae, Y.; Sweeney, J.A.; Geschwind, D.; Dawson, G. Motor Functioning and Dyspraxia in
Autism Spectrum Disorders. In Autism Spectrum Disorders; Oxford University Press (OUP): New York, NY,
USA, 2011; pp. 355–380.

262. Igelström, K.M.; Webb, T.W.; Kelly, Y.T.; Graziano, M.S.A. Topographical Organization of Attentional, Social,
and Memory Processes in the Human Temporoparietal Cortex123. eNeuro 2016, 3, 1–12. [CrossRef]

http://dx.doi.org/10.1186/1471-2377-11-151
http://www.ncbi.nlm.nih.gov/pubmed/22136635
http://dx.doi.org/10.1093/bmb/ldm031
http://www.ncbi.nlm.nih.gov/pubmed/18029385
http://dx.doi.org/10.1038/nn.3337
http://www.ncbi.nlm.nih.gov/pubmed/23416449
http://dx.doi.org/10.1371/journal.pone.0006581
http://www.ncbi.nlm.nih.gov/pubmed/19672296
http://dx.doi.org/10.1016/j.physbeh.2005.04.012
http://www.ncbi.nlm.nih.gov/pubmed/15924905
http://dx.doi.org/10.1093/brain/awx105
http://dx.doi.org/10.1073/pnas.0703101104
http://dx.doi.org/10.1001/archpsyc.61.8.795
http://www.ncbi.nlm.nih.gov/pubmed/15289278
http://dx.doi.org/10.1016/j.neuroimage.2011.09.078
http://www.ncbi.nlm.nih.gov/pubmed/22015853
http://dx.doi.org/10.1212/WNL.46.5.1231
http://dx.doi.org/10.1038/nn.3324
http://www.ncbi.nlm.nih.gov/pubmed/23354332
http://dx.doi.org/10.1002/nbm.3757
http://dx.doi.org/10.1371/journal.pone.0115303
http://www.ncbi.nlm.nih.gov/pubmed/25525808
http://dx.doi.org/10.1093/cercor/bhj076
http://dx.doi.org/10.1016/j.conb.2013.08.014
http://dx.doi.org/10.1523/ENEURO.0060-16.2016


Brain Sci. 2019, 9, 130 35 of 41

263. Carter, R.M.; Huettel, S.A. A Nexus Model of the Temporal-Parietal Junction. Trends Cogn. Sci. 2013, 17,
328–336. [CrossRef]

264. Geng, J.J.; Vossel, S. Re-evaluating the role of TPJ in attentional control: Contextual updating?
Neurosci. Biobehav. Rev. 2013, 37, 2608–2620. [CrossRef] [PubMed]

265. Bzdok, D.; Schilbach, L.; Vogeley, K.; Schneider, K.; Laird, A.R.; Langner, R.; Eickhoff, S.B. Parsing the neural
correlates of moral cognition: ALE meta-analysis on morality, theory of mind, and empathy. Anat. Embryol.
2012, 217, 783–796. [CrossRef] [PubMed]

266. Eres, R.; Louis, W.R.; Molenberghs, P. Common and distinct neural networks involved in fMRI studies
investigating morality: An ALE meta-analysis. Soc. Neurosci. 2018, 13, 384–398. [CrossRef] [PubMed]

267. Blanke, O. Multisensory brain mechanisms of bodily self-consciousness. Nat. Rev. Neurosci. 2012, 13, 556–571.
[CrossRef] [PubMed]

268. Dieguez, S.; Annoni, J.-M. Asomatognosia: Disorders of the bodily self. In The Behavioral and Cognitive
Neurology of Stroke; Cambridge University Press (CUP): Cambridge, UK, 2013; pp. 170–192.

269. Halligan, P.W.; Marshall, J.C.; Wade, D.T. Unilateral Somatoparaphrenia After Right Hemisphere Stroke:
A Case Description. Cortex 1995, 31, 173–182. [CrossRef]

270. Hécaen, H.; Penfield, W.; Bertrand, C.; Malmo, R. The Syndrome of Apractognosia Due to Lesions of the
Minor Cerebral Hemisphere. Arch. Neurol. Psychiatry 1956, 75, 400. [CrossRef]

271. Heydrich, L.; Blanke, O. Distinct illusory own-body perceptions caused by damage to posterior insula and
extrastriate cortex. Brain 2013, 136, 790–803. [CrossRef] [PubMed]

272. Ionta, S.; Heydrich, L.; Lenggenhager, B.; Mouthon, M.; Fornari, E.; Chapuis, D.; Gassert, R.; Blanke, O.
Multisensory Mechanisms in Temporo-Parietal Cortex Support Self-Location and First-Person Perspective.
Neuron 2011, 70, 363–374. [CrossRef] [PubMed]

273. Ionta, S.; Martuzzi, R.; Salomon, R.; Blanke, O. The brain network reflecting bodily self-consciousness:
A functional connectivity study. Soc. Cogn. Affect. Neurosci. 2014, 9, 1904–1913. [CrossRef]

274. Salvato, G.; Gandola, M.; Veronelli, L.; Agostoni, E.C.; Sberna, M.; Corbo, M.; Bottini, G. The spatial side of
somatoparaphrenia: A case study. Neurocase 2016, 22, 154–160. [CrossRef] [PubMed]

275. Evans, N.; Blanke, O. Shared electrophysiology mechanisms of body ownership and motor imagery.
NeuroImage 2013, 64, 216–228. [CrossRef]

276. McDonald, I. Musical alexia with recovery: A personal account. Brain 2006, 129, 2554–2561. [CrossRef]
[PubMed]

277. Ethofer, T.; Bretscher, J.; Gschwind, M.; Kreifelts, B.; Wildgruber, D.; Vuilleumier, P. Emotional voice areas:
Anatomic location, functional properties, and structural connections revealed by combined fMRI/DTI.
Cereb. Cortex 2012, 22, 191–200. [CrossRef] [PubMed]

278. Gerbella, M.; Belmalih, A.; Borra, E.; Rozzi, S.; Luppino, G. Cortical connections of the macaque caudal
ventrolateral prefrontal areas 45A and 45B. Cereb. Cortex 2010, 20, 141–168. [CrossRef] [PubMed]

279. Humphries, C.; Love, T.; Swinney, D.; Hickok, G. Response of anterior temporal cortex to syntactic and
prosodic manipulations during sentence processing. Hum. Brain Mapp. 2005, 26, 128–138. [CrossRef]
[PubMed]

280. Jahanshahi, M.; Jones, C.R.G.; Zijlmans, J.; Katzenschlager, R.; Lee, L.; Quinn, N.; Frith, C.D.; Lees, A.J.
Dopaminergic modulation of striato-frontal connectivity during motor timing in Parkinson’s disease.
Brain 2010, 133, 727–745. [CrossRef] [PubMed]

281. Jezzini, A.; Rozzi, S.; Borra, E.; Gallese, V.; Caruana, F.; Gerbella, M. A shared neural network for emotional
expression and perception: An anatomical study in the macaque monkey. Front. Behav. Neurosci. 2015,
9, 1099. [CrossRef]

282. Kristensen, L.B.; Wang, L.; Petersson, K.M.; Hagoort, P. The interface between language and attention:
Prosodic focus marking recruits a general attention network in spoken language comprehension. Cereb. Cortex
2013, 23, 1836–1848. [CrossRef]

283. McFarland, H.R.; Fortin, D. Amusia due to Right Temporoparietal Infarct. Arch. Neurol. 1982, 39, 725–727.
[CrossRef]

284. Terao, Y.; Mizuno, T.; Shindoh, M.; Sakurai, Y.; Ugawa, Y.; Kobayashi, S.; Nagai, C.; Furubayashi, T.; Arai, N.;
Okabe, S.; et al. Vocal amusia in a professional tango singer due to a right superior temporal cortex infarction.
Neuropsychologia 2006, 44, 479–488. [CrossRef]

http://dx.doi.org/10.1016/j.tics.2013.05.007
http://dx.doi.org/10.1016/j.neubiorev.2013.08.010
http://www.ncbi.nlm.nih.gov/pubmed/23999082
http://dx.doi.org/10.1007/s00429-012-0380-y
http://www.ncbi.nlm.nih.gov/pubmed/22270812
http://dx.doi.org/10.1080/17470919.2017.1357657
http://www.ncbi.nlm.nih.gov/pubmed/28724332
http://dx.doi.org/10.1038/nrn3292
http://www.ncbi.nlm.nih.gov/pubmed/22805909
http://dx.doi.org/10.1016/S0010-9452(13)80115-3
http://dx.doi.org/10.1001/archneurpsyc.1956.02330220064007
http://dx.doi.org/10.1093/brain/aws364
http://www.ncbi.nlm.nih.gov/pubmed/23423672
http://dx.doi.org/10.1016/j.neuron.2011.03.009
http://www.ncbi.nlm.nih.gov/pubmed/21521620
http://dx.doi.org/10.1093/scan/nst185
http://dx.doi.org/10.1080/13554794.2015.1077257
http://www.ncbi.nlm.nih.gov/pubmed/26273743
http://dx.doi.org/10.1016/j.neuroimage.2012.09.027
http://dx.doi.org/10.1093/brain/awl235
http://www.ncbi.nlm.nih.gov/pubmed/16959814
http://dx.doi.org/10.1093/cercor/bhr113
http://www.ncbi.nlm.nih.gov/pubmed/21625012
http://dx.doi.org/10.1093/cercor/bhp087
http://www.ncbi.nlm.nih.gov/pubmed/19406905
http://dx.doi.org/10.1002/hbm.20148
http://www.ncbi.nlm.nih.gov/pubmed/15895428
http://dx.doi.org/10.1093/brain/awq012
http://www.ncbi.nlm.nih.gov/pubmed/20305278
http://dx.doi.org/10.3389/fnbeh.2015.00243
http://dx.doi.org/10.1093/cercor/bhs164
http://dx.doi.org/10.1001/archneur.1982.00510230051016
http://dx.doi.org/10.1016/j.neuropsychologia.2005.05.013


Brain Sci. 2019, 9, 130 36 of 41

285. Forkel, S.J.; De Schotten, M.T.; Dell’Acqua, F.; Kalra, L.; Murphy, D.G.M.; Williams, S.C.R.; Catani, M.;
Dell’Acqua, F. Anatomical predictors of aphasia recovery: A tractography study of bilateral perisylvian
language networks. Brain 2014, 137, 2027–2039. [CrossRef] [PubMed]

286. Lacroix, A.N.; Diaz, A.F.; Rogalsky, C. The relationship between the neural computations for speech and
music perception is context-dependent: An activation likelihood estimate study. Front. Psychol. 2015, 6, 1138.
[CrossRef] [PubMed]

287. Rogalsky, C.; Rong, F.; Saberi, K.; Hickok, G. Functional anatomy of language and music perception: Temporal
and structural factors investigated using functional magnetic resonance imaging. J. Neurosci. 2011, 31,
3843–3852. [CrossRef] [PubMed]

288. Ueno, T.; Saito, S.; Rogers, T.T.; Ralph, M.A.L. Lichtheim 2: Synthesizing Aphasia and the Neural Basis of
Language in a Neurocomputational Model of the Dual Dorsal-Ventral Language Pathways. Neuron 2011, 72,
385–396. [CrossRef] [PubMed]

289. Xing, S.; Lacey, E.H.; Skipper-Kallal, L.M.; Jiang, X.; Harris-Love, M.L.; Zeng, J.; Turkeltaub, P.E.
Right hemisphere grey matter structure and language outcomes in chronic left hemisphere stroke. Brain 2016,
139, 227–241. [CrossRef] [PubMed]

290. Afif, A.; Minotti, L.; Kahane, P.; Hoffmann, D. Anatomofunctional organization of the insular cortex: A study
using intracerebral electrical stimulation in epileptic patients. Epilepsia 2010, 51, 2305–2315. [CrossRef]
[PubMed]

291. Bamiou, D.-E.; Musiek, F.E.; Luxon, L.M. The insula (Island of Reil) and its role in auditory processing.
Brain Rev. 2003, 42, 143–154. [CrossRef]

292. Mazzola, L.; Isnard, J.; Mauguière, F. Somatosensory and pain responses to stimulation of the second
somatosensory area (SII) in humans. A comparison with SI and insular responses. Cereb. Cortex 2006, 16,
960–968. [CrossRef]

293. Cereda, C.; Ghika, J.; Maeder, P.; Bogousslavsky, J. Strokes restricted to the insular cortex. Neurology 2002, 59,
1950–1955. [CrossRef]

294. Khalsa, S.S.; Rudrauf, D.; Feinstein, J.S.; Tranel, D. The pathways of interoceptive awareness. Nat. Neurosci.
2009, 12, 1494–1496. [CrossRef]

295. Egan, G.F.; Johnson, J.; Farrell, M.; McAllen, R.; Zamarripa, F.; McKinley, M.J.; Lancaster, J.; Denton, D.;
Fox, P.T. Cortical, thalamic, and hypothalamic responses to cooling and warming the skin in awake humans:
A positron-emission tomography study. Proc. Acad. Sci. 2005, 102, 5262–5267. [CrossRef] [PubMed]

296. Diwadkar, V.A.; Murphy, E.R.; Freedman, R.R. Temporal sequence of brain activations during naturally
occurring thermoregulatory events. Cereb. Cortex 2014, 24, 3006–3013. [CrossRef] [PubMed]

297. Weston, C. Another major function of the anterior cingulate cortex: The representation of requirements.
Neurosci. Biobehav. Rev. 2012, 36, 90–110. [CrossRef] [PubMed]

298. Kapur, N. Paradoxical functional facilitation in brain-behaviour research. Brain 1996, 119, 1775–1790.
[CrossRef] [PubMed]

299. Midorikawa, A.; Kawamura, M. The emergence of artistic ability following traumatic brain injury. Neurocase
2015, 21, 90–94. [CrossRef] [PubMed]

300. Miller, B.L.; Cummings, J.; Mishkin, F.; Boone, K.; Prince, F.; Ponton, M.; Cotman, C. Emergence of artistic
talent in frontotemporal dementia. Neurology 1998, 51, 978–982. [CrossRef] [PubMed]

301. Rauschecker, J.P.; Tian, B.; Korte, M.; Egert, U. Crossmodal changes in the somatosensory vibrissa/barrel
system of visually deprived animals. Proc. Acad. Sci. 1992, 89, 5063–5067. [CrossRef]

302. Schott, G.D. Pictures as a neurological tool: Lessons from enhanced and emergent artistry in brain disease.
Brain 2012, 135, 1947–1963. [CrossRef]

303. Thomas-Antérion, C.; Dionet, E.; Borg, C.; Extier, C.; Faillenot, I.; Peyron, R.; Créac’h, C. De novo artistic
activity following insular–SII ischemia. Pain 2010, 150, 121–127.

304. Lagarde, J.; Valabrègue, R.; Corvol, J.-C.; Garcin, B.; Volle, E.; Le Ber, I.; Vidailhet, M.; Dubois, B.; Levy, R.
Why do patients with neurodegenerative frontal syndrome fail to answer: ‘In what way are an orange and a
banana alike?’. Brain 2015, 138, 456–471. [CrossRef]

305. Martin, A. GRAPES-Grounding representations in action, perception, and emotion systems: How object
properties and categories are represented in the human brain. Psychon. Bull. Rev. 2016, 23, 979–990.
[CrossRef] [PubMed]

http://dx.doi.org/10.1093/brain/awu113
http://www.ncbi.nlm.nih.gov/pubmed/24951631
http://dx.doi.org/10.3389/fpsyg.2015.01138
http://www.ncbi.nlm.nih.gov/pubmed/26321976
http://dx.doi.org/10.1523/JNEUROSCI.4515-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21389239
http://dx.doi.org/10.1016/j.neuron.2011.09.013
http://www.ncbi.nlm.nih.gov/pubmed/22017995
http://dx.doi.org/10.1093/brain/awv323
http://www.ncbi.nlm.nih.gov/pubmed/26521078
http://dx.doi.org/10.1111/j.1528-1167.2010.02755.x
http://www.ncbi.nlm.nih.gov/pubmed/20946128
http://dx.doi.org/10.1016/S0165-0173(03)00172-3
http://dx.doi.org/10.1093/cercor/bhj038
http://dx.doi.org/10.1212/01.WNL.0000038905.75660.BD
http://dx.doi.org/10.1038/nn.2411
http://dx.doi.org/10.1073/pnas.0409753102
http://www.ncbi.nlm.nih.gov/pubmed/15793009
http://dx.doi.org/10.1093/cercor/bht155
http://www.ncbi.nlm.nih.gov/pubmed/23787950
http://dx.doi.org/10.1016/j.neubiorev.2011.04.014
http://www.ncbi.nlm.nih.gov/pubmed/21554898
http://dx.doi.org/10.1093/brain/119.5.1775
http://www.ncbi.nlm.nih.gov/pubmed/8931597
http://dx.doi.org/10.1080/13554794.2013.873058
http://www.ncbi.nlm.nih.gov/pubmed/24417345
http://dx.doi.org/10.1212/WNL.51.4.978
http://www.ncbi.nlm.nih.gov/pubmed/9781516
http://dx.doi.org/10.1073/pnas.89.11.5063
http://dx.doi.org/10.1093/brain/awr314
http://dx.doi.org/10.1093/brain/awu359
http://dx.doi.org/10.3758/s13423-015-0842-3
http://www.ncbi.nlm.nih.gov/pubmed/25968087


Brain Sci. 2019, 9, 130 37 of 41

306. Pellicano, E.; Dinsmore, A.; Charman, T. What should autism research focus upon? Community views and
priorities from the United Kingdom. Autism 2014, 18, 756–770. [CrossRef] [PubMed]

307. Maïano, C.; Normand, C.L.; Salvas, M.-C.; Moullec, G.; Aimé, A. Prevalence of school bullying among youth
with autism spectrum disorders: A systematic review and meta-analysis. Autism Res. 2016, 9, 601–615.
[CrossRef] [PubMed]

308. Paul, A.; Gallot, C.; Lelouche, C.; Bouvard, M.P.; Amestoy, A. Victimisation in a French population of children
and youths with autism spectrum disorder: A case control study. Child Adolesc. Psychiatry Heal. 2018, 12, 48.
[CrossRef] [PubMed]

309. Mazurek, M.O. Loneliness, friendship, and well-being in adults with autism spectrum disorders. Autism
2014, 18, 223–232. [CrossRef]

310. Halls, G.; Cooper, P.J.; Creswell, C. Social communication deficits: Specific associations with Social Anxiety
Disorder. J. Affect. Disord. 2015, 172, 38–42. [CrossRef] [PubMed]

311. Pickard, H.; Rijsdijk, F.; Happé, F.; Mandy, W. Are Social and Communication Difficulties a Risk Factor for
the Development of Social Anxiety? J. Am. Acad. Child Adolesc. Psychiatry 2017, 56, 344–351.e3. [CrossRef]

312. Singham, T.; Viding, E.; Schoeler, T.; Arseneault, L.; Ronald, A.; Cecil, C.M.; McCrory, E.; Rijsdijk, F.;
Pingault, J.-B. Concurrent and Longitudinal Contribution of Exposure to Bullying in Childhood to Mental
Health. JAMA Psychiatry 2017, 74, 1112–1119. [CrossRef]

313. Storch, E.A.; Larson, M.J.; Ehrenreich-May, J.; Arnold, E.B.; Jones, A.M.; Renno, P.; Fujii, C.; Lewin, A.B.;
Mutch, P.J.; Murphy, T.K.; et al. Peer Victimization in Youth with Autism Spectrum Disorders and Co-occurring
Anxiety: Relations with Psychopathology and Loneliness. J. Dev. Phys. Disabil. 2012, 24, 575–590. [CrossRef]

314. Adams, R.E.; Fredstrom, B.K.; Duncan, A.W.; Holleb, L.J.; Bishop, S.L. Using self- and parent-reports to test
the association between peer victimization and internalizing symptoms in verbally fluent adolescents with
ASD. J. Autism Dev. Disord. 2014, 44, 861–872. [CrossRef]

315. Bromberger, J.T.; Kravitz, H.M.; Matthews, K.; Youk, A.; Brown, C.; Feng, W. Predictors of first lifetime
episodes of major depression in midlife women. Psychol. Med. 2009, 39, 55–64. [CrossRef] [PubMed]

316. Cole, D.A.; Peeke, L.G.; Martin, J.M.; Truglio, R.; Seroczynski, A.D. A longitudinal look at the relation
between depression and anxiety in children and adolescents. J. Consult. Clin. Psychol. 1998, 66, 451–460.
[CrossRef]

317. Goodwin, R.D. Anxiety disorders and the onset of depression among adults in the community. Psychol. Med.
2002, 32, 1121–1124. [CrossRef] [PubMed]

318. Gotham, K.; Bishop, S.L.; Brunwasser, S.; Lord, C. Rumination and Perceived Impairment Associated with
Depressive Symptoms in a Verbal Adolescent-Adult ASD Sample. Autism Res 2014, 7, 381–391. [CrossRef]
[PubMed]

319. Hedley, D.; Young, R. Social comparison processes and depressive symptoms in children and adolescents
with Asperger syndrome. Autism 2006, 10, 139–153. [CrossRef]

320. Rice, F.; Sellers, R.; Hammerton, G.; Eyre, O.; Bevan-Jones, R.; Collishaw, S.; Thapar, A.K.; Harold, G.T.
Antecedents of New-Onset Major Depressive Disorder in Children and Adolescents at High Familial Risk.
JAMA Psychiatry 2017, 74, 153. [CrossRef]

321. Sterling, L.; Dawson, G.; Estes, A.; Greenson, J. Characteristics associated with presence of depressive
symptoms in adults with autism spectrum disorder. J. Autism Dev. Disord. 2008, 38, 1011–1018. [CrossRef]

322. Gottlieb, D.H.; Capitanio, J.P.; McCowan, B. Risk factors for stereotypic behavior and self-biting in rhesus
macaques (Macaca mulatta): Animal’s history, current environment, and personality. Am. J. Primatol. 2013,
75, 995–1008. [CrossRef]

323. Novak, M.A. Self-injurious behavior in rhesus monkeys: New insights into its etiology, physiology,
and treatment. Am. J. Primatol. 2003, 59, 3–19. [CrossRef]

324. Novak, M.A.; Meyer, J.S.; Lutz, C.; Tiefenbacher, S. Deprived environments: Developmental insights from
primatology. In Stereotypic Animal Behaviour: Fundamentals & Applications to Welfare, 2nd ed.; Mason, G.,
Rushen, J., Eds.; CAB International: Wallingford, UK, 2006; pp. 153–189.

325. Rushen, J.; Mason, G. A decade-or-more’s progress in understanding stereotypic behaviour. In Stereotypic
Animal Behaviour: Fundamentals & Applications to Welfare, 2nd ed.; Mason, G., Rushen, J., Eds.;
CAB International: Wallingford, UK, 2006; pp. 1–18.

http://dx.doi.org/10.1177/1362361314529627
http://www.ncbi.nlm.nih.gov/pubmed/24789871
http://dx.doi.org/10.1002/aur.1568
http://www.ncbi.nlm.nih.gov/pubmed/26451871
http://dx.doi.org/10.1186/s13034-018-0256-x
http://www.ncbi.nlm.nih.gov/pubmed/30524501
http://dx.doi.org/10.1177/1362361312474121
http://dx.doi.org/10.1016/j.jad.2014.09.040
http://www.ncbi.nlm.nih.gov/pubmed/25451393
http://dx.doi.org/10.1016/j.jaac.2017.01.007
http://dx.doi.org/10.1001/jamapsychiatry.2017.2678
http://dx.doi.org/10.1007/s10882-012-9290-4
http://dx.doi.org/10.1007/s10803-013-1938-0
http://dx.doi.org/10.1017/S0033291708003218
http://www.ncbi.nlm.nih.gov/pubmed/18377672
http://dx.doi.org/10.1037/0022-006X.66.3.451
http://dx.doi.org/10.1017/S0033291702005482
http://www.ncbi.nlm.nih.gov/pubmed/12214791
http://dx.doi.org/10.1002/aur.1377
http://www.ncbi.nlm.nih.gov/pubmed/24802136
http://dx.doi.org/10.1177/1362361306062020
http://dx.doi.org/10.1001/jamapsychiatry.2016.3140
http://dx.doi.org/10.1007/s10803-007-0477-y
http://dx.doi.org/10.1002/ajp.22161
http://dx.doi.org/10.1002/ajp.10063


Brain Sci. 2019, 9, 130 38 of 41

326. Muehlmann, A.; Edington, G.; Mihalik, A.; Buchwald, Z.; Koppuzha, D.; Korah, M.; Lewis, M.
Further characterization of repetitive behavior in C58 mice: Developmental trajectory and effects of
environmental enrichment. Behav. Brain 2012, 235, 143–149. [CrossRef]

327. Cullen, K.R.; Westlund, M.K.; Lariviere, L.L.; Klimes-Dougan, B. An Adolescent With Nonsuicidal Self-Injury:
A Case and Discussion of Neurobiological Research on Emotion Regulation. Am. J. Psychiatry 2013, 170,
828–831. [CrossRef] [PubMed]

328. Gratz, K.L.; Chapman, A.L.; Dixon-Gordon, K.L.; Tull, M.T. Exploring the association of deliberate self-harm
with emotional relief using a novel implicit association test. Personal Disord. 2016, 7, 91–102. [CrossRef]
[PubMed]

329. Klonsky, E.D. The functions of deliberate self-injury: A review of the evidence. Clin. Psychol. 2007, 27,
226–239. [CrossRef] [PubMed]

330. Klonsky, E.D. The functions of self-injury in young adults who cut themselves: Clarifying the evidence for
affect regulation. Psychiatry Res. 2009, 166, 260–268. [CrossRef] [PubMed]

331. Klonsky, E.D.; Victor, S.E.; Saffer, B.Y. Nonsuicidal Self-Injury: What We Know, and What We Need to Know.
Can. J. Psychiatry 2014, 59, 565–568. [CrossRef] [PubMed]

332. Nock, M.K. Self-Injury. Annu. Rev. Clin. Psychol. 2010, 6, 339–363. [CrossRef] [PubMed]
333. Nock, M.K.; Prinstein, M.J.; Sterba, S.K. Revealing the form and function of self-injurious thoughts and

behaviors: A real-time ecological assessment study among adolescents and young adults. J. Psychol. 2009,
118, 816–827. [CrossRef]

334. Victor, S.E.; Klonsky, E.D. Daily emotion in non-suicidal self-injury. J. Clin. Psychol. 2014, 70, 364–375.
[CrossRef]

335. Seltzer, M.M.; Taylor, J.L.; Baker, J.K.; Smith, L.E.; Greenberg, J.S. Change in maternal criticism and behavior
problems in adolescents and adults with autism across a 7-year period. J. Psychol. 2011, 120, 465–475.

336. Garcia-Villamisar, D.; Rojahn, J. Cormorbid psychopathology and stress mediate the relationship between
autistic traits and repetitive behaviours in adults with autism. J. Intellect. Disabil. Res. 2015, 59, 116–124.
[CrossRef]

337. Smith, L.E.; Greenberg, J.S.; Seltzer, M.M.; Hong, J. Symptoms and Behavior Problems of Adolescents and
Adults with Autism: Effects of Mother–Child Relationship Quality, Warmth, and Praise. Am. J. Retard. 2008,
113, 387–402. [CrossRef] [PubMed]

338. Courchesne, E.; Mouton, P.R.; Calhoun, M.E.; Semendeferi, K.; Ahrens-Barbeau, C.; Hallet, M.J.; Barnes, C.C.;
Pierce, K. Neuron Number and Size in Prefrontal Cortex of Children With Autism. JAMA 2011, 306, 2001.
[CrossRef] [PubMed]

339. Grayson, D.; Bliss-Moreau, E.; Bennett, J.; Lavenex, P.; Amaral, D. Neural Reorganization Due to Neonatal
Amygdala Lesions in the Rhesus Monkey: Changes in Morphology and Network Structure. Cereb. Cortex
2017, 27, 3240–3253. [CrossRef] [PubMed]

340. Vuilleumier, P.; Richardson, M.P.; Armony, J.L.; Driver, J.; Dolan, R.J. Distant influences of amygdala lesion
on visual cortical activation during emotional face processing. Nat. Neurosci. 2004, 7, 1271–1278. [CrossRef]
[PubMed]

341. Bickart, K.C.; Wright, C.I.; Dautoff, R.J.; Dickerson, B.C.; Barrett, L.F. Amygdala volume and social network
size in humans. Nat. Neurosci. 2011, 14, 163–164. [CrossRef] [PubMed]

342. Sallet, J.; Mars, R.B.; Noonan, M.P.; Andersson, J.L.; O’Reilly, J.X.; Jbabdi, S.; Croxson, P.L.; Jenkinson, M.;
Miller, K.L.; Rushworth, M.F.S. Social Network Size Affects Neural Circuits in Macaques. Science 2011, 334,
697–700. [CrossRef]

343. Gerbella, M.; Borra, E.; Rozzi, S.; Luppino, G. Connections of the macaque Granular Frontal Opercular (GrFO)
area: A possible neural substrate for the contribution of limbic inputs for controlling hand and face/mouth
actions. Brain Struct. Funct. 2016, 221, 59–78. [CrossRef]

344. Brass, M.; Derrfuss, J.; Forstmann, B.; Cramon, D.; Von Cramon, D.Y. The role of the inferior frontal junction
area in cognitive control. Trends Cogn. Sci. 2005, 9, 314–316. [CrossRef]

345. Patel, S.; Oishi, K.; Wright, A.; Sutherland-Foggio, H.; Saxena, S.; Sheppard, S.M.; Hillis, A.E. Right
Hemisphere Regions Critical for Expression of Emotion Through Prosody. Front. Neurol. 2018, 9, 224.
[CrossRef]

http://dx.doi.org/10.1016/j.bbr.2012.07.041
http://dx.doi.org/10.1176/appi.ajp.2013.12121598
http://www.ncbi.nlm.nih.gov/pubmed/23903332
http://dx.doi.org/10.1037/per0000138
http://www.ncbi.nlm.nih.gov/pubmed/26147069
http://dx.doi.org/10.1016/j.cpr.2006.08.002
http://www.ncbi.nlm.nih.gov/pubmed/17014942
http://dx.doi.org/10.1016/j.psychres.2008.02.008
http://www.ncbi.nlm.nih.gov/pubmed/19275962
http://dx.doi.org/10.1177/070674371405901101
http://www.ncbi.nlm.nih.gov/pubmed/25565471
http://dx.doi.org/10.1146/annurev.clinpsy.121208.131258
http://www.ncbi.nlm.nih.gov/pubmed/20192787
http://dx.doi.org/10.1037/a0016948
http://dx.doi.org/10.1002/jclp.22037
http://dx.doi.org/10.1111/jir.12083
http://dx.doi.org/10.1352/2008.113:387-402
http://www.ncbi.nlm.nih.gov/pubmed/18702558
http://dx.doi.org/10.1001/jama.2011.1638
http://www.ncbi.nlm.nih.gov/pubmed/22068992
http://dx.doi.org/10.1093/cercor/bhx080
http://www.ncbi.nlm.nih.gov/pubmed/28383709
http://dx.doi.org/10.1038/nn1341
http://www.ncbi.nlm.nih.gov/pubmed/15494727
http://dx.doi.org/10.1038/nn.2724
http://www.ncbi.nlm.nih.gov/pubmed/21186358
http://dx.doi.org/10.1126/science.1210027
http://dx.doi.org/10.1007/s00429-014-0892-8
http://dx.doi.org/10.1016/j.tics.2005.05.001
http://dx.doi.org/10.3389/fneur.2018.00224


Brain Sci. 2019, 9, 130 39 of 41

346. Tyler, L.K.; Marslen-Wilson, W.D.; Randall, B.; Wright, P.; Devereux, B.J.; Zhuang, J.; Papoutsi, M.;
Stamatakis, E.A. Left inferior frontal cortex and syntax: Function, structure and behaviour in patients
with left hemisphere damage. Brain 2011, 134, 415–431. [CrossRef]

347. Tyler, L.K.; Wright, P.; Randall, B.; Stamatakis, E.A.; Marslen-Wilson, W.D.; Marslen-Wilson, W.D.;
Marslen-Wilson, W. Reorganization of syntactic processing following left-hemisphere brain damage:
Does right-hemisphere activity preserve function? Brain 2010, 133, 3396–3408. [CrossRef] [PubMed]

348. Garner, J.P. Perseveration and stereotypy–Systems-level insights from clinical psychology. In Stereotypic
Animal Behaviour: Fundamentals & Applications to Welfare, 2nd ed.; Mason, G., Rushen, J., Eds.;
CAB International: Wallingford, UK, 2006; pp. 121–152.

349. Guehl, D.; Benazzouz, A.; Aouizerate, B.; Cuny, E.; Rotge, J.-Y.; Rougier, A.; Tignol, J.; Bioulac, B.; Burbaud, P.
Neuronal Correlates of Obsessions in the Caudate Nucleus. Boil. Psychiatry 2008, 63, 557–562. [CrossRef]
[PubMed]

350. Whitehouse, C.M.; Lewis, M.H. Repetitive Behavior in Neurodevelopmental Disorders: Clinical and
Translational Findings. Behav. Anal. 2015, 38, 163–178. [CrossRef] [PubMed]

351. Hollander, E.; Anagnostou, E.; Chaplin, W.; Esposito, K.; Haznedar, M.M.; LiCalzi, E.; Wasserman, S.;
Soorya, L.; Buchsbaum, M. Striatal Volume on Magnetic Resonance Imaging and Repetitive Behaviors in
Autism. Boil. Psychiatry 2005, 58, 226–232. [CrossRef] [PubMed]

352. Langen, M.; Schnack, H.G.; Nederveen, H.; Bos, D.; Lahuis, B.E.; De Jonge, M.V.; Van Engeland, H.;
Durston, S. Changes in the Developmental Trajectories of Striatum in Autism. Boil. Psychiatry. 2009, 66,
327–333. [CrossRef] [PubMed]

353. Langen, M.; Bos, D.; Noordermeer, S.D.; Nederveen, H.; Van Engeland, H.; Durston, S. Changes in the
Development of Striatum Are Involved in Repetitive Behavior in Autism. Boil. Psychiatry. 2014, 76, 405–411.
[CrossRef]

354. Wolff, J.J.; Hazlett, H.C.; Lightbody, A.A.; Reiss, A.L.; Piven, J. Repetitive and self-injurious behaviors:
Associations with caudate volume in autism and fragile X syndrome. J. Neurodev. Disord. 2013, 5, 12.
[CrossRef] [PubMed]

355. Calderoni, S.; Bellani, M.; Hardan, A.Y.; Muratori, F.; Brambilla, P. Basal ganglia and restricted and repetitive
behaviours in Autism Spectrum Disorders: Current status and future perspectives. Epidemiol. Psychiatr. Sci.
2014, 23, 235–238. [CrossRef] [PubMed]

356. Frodl, T.; O’Keane, V. How does the brain deal with cumulative stress? A review with focus on developmental
stress, HPA axis function and hippocampal structure in humans. Neurobiol. Dis. 2013, 52, 24–37. [CrossRef]

357. Kim, E.J.; Pellman, B.; Kim, J.J. Stress effects on the hippocampus: A critical review. Learn. Mem. 2015, 22,
411–416. [CrossRef]

358. Bernasconi, N.; Caramanos, Z.; Antel, S.B.; Arnold, D.L.; Andermann, F. Mesial temporal damage in temporal
lobe epilepsy: A volumetric MRI study of the hippocampus, amygdala and parahippocampal region.
Brain 2003, 126, 462–469. [CrossRef] [PubMed]

359. Cendes, F. Progressive hippocampal and extrahippocampal atrophy in drug resistant epilepsy: Review.
Curr. Opin. Neurol. 2005, 18, 173–177. [CrossRef] [PubMed]

360. Cormack, F.; Gadian, D.G.; Vargha-Khadem, F.; Cross, J.H.; Connelly, A.; Baldeweg, T. Extra-hippocampal
grey matter density abnormalities in paediatric mesial temporal sclerosis. NeuroImage 2005, 27, 635–643.
[CrossRef] [PubMed]

361. Brandt, T.; Schautzer, F.; Hamilton, D.A.; Brüning, R.; Markowitsch, H.J.; Kalla, R.; Darlington, C.; Smith, P.;
Strupp, M. Vestibular loss causes hippocampal atrophy and impaired spatial memory in humans. Brain 2005,
128, 2732–2741. [CrossRef] [PubMed]

362. Lawrie, S.M. Parsing Heterogeneity. JAMA Psychiatry 2017, 74, 1089. [CrossRef] [PubMed]
363. Kadohisa, M.; Verhagen, J.; Rolls, E.; Rolls, E. The primate amygdala: Neuronal representations of the

viscosity, fat texture, temperature, grittiness and taste of foods. Neuroscience 2005, 132, 33–48. [CrossRef]
[PubMed]

364. Vogt, B.A. Regions and subregions of the cingulate cortex. In Cingulate Neurobiology & Disease; Vogt, B.A.,
Ed.; Oxford University Press: New York, NY, USA, 2009; pp. 3–30.

365. Young, M.P.; Scanneil, J.W.; Burns, G.A.P.; Blakemore, C. Analysis of Connectivity: Neural Systems in the
Cerebral Cortex. Rev. Neurosci. 1994, 5, 227–250. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/brain/awq369
http://dx.doi.org/10.1093/brain/awq262
http://www.ncbi.nlm.nih.gov/pubmed/20870779
http://dx.doi.org/10.1016/j.biopsych.2007.06.023
http://www.ncbi.nlm.nih.gov/pubmed/17945196
http://dx.doi.org/10.1007/s40614-015-0029-2
http://www.ncbi.nlm.nih.gov/pubmed/26543319
http://dx.doi.org/10.1016/j.biopsych.2005.03.040
http://www.ncbi.nlm.nih.gov/pubmed/15939406
http://dx.doi.org/10.1016/j.biopsych.2009.03.017
http://www.ncbi.nlm.nih.gov/pubmed/19423078
http://dx.doi.org/10.1016/j.biopsych.2013.08.013
http://dx.doi.org/10.1186/1866-1955-5-12
http://www.ncbi.nlm.nih.gov/pubmed/23639144
http://dx.doi.org/10.1017/S2045796014000171
http://www.ncbi.nlm.nih.gov/pubmed/24816251
http://dx.doi.org/10.1016/j.nbd.2012.03.012
http://dx.doi.org/10.1101/lm.037291.114
http://dx.doi.org/10.1093/brain/awg034
http://www.ncbi.nlm.nih.gov/pubmed/12538412
http://dx.doi.org/10.1097/01.wco.0000162860.49842.90
http://www.ncbi.nlm.nih.gov/pubmed/15791149
http://dx.doi.org/10.1016/j.neuroimage.2005.05.023
http://www.ncbi.nlm.nih.gov/pubmed/16006149
http://dx.doi.org/10.1093/brain/awh617
http://www.ncbi.nlm.nih.gov/pubmed/16141283
http://dx.doi.org/10.1001/jamapsychiatry.2017.2953
http://www.ncbi.nlm.nih.gov/pubmed/28973073
http://dx.doi.org/10.1016/j.neuroscience.2004.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15780464
http://dx.doi.org/10.1515/REVNEURO.1994.5.3.227
http://www.ncbi.nlm.nih.gov/pubmed/7889215


Brain Sci. 2019, 9, 130 40 of 41

366. Ziemann, A.E.; Allen, J.E.; Dahdaleh, N.S.; Drebot, I.I.; Coryell, M.W.; Wunsch, A.M.; Lynch, C.M.; Faraci, F.M.;
Howard, M.A.; Welsh, M.J.; et al. The Amygdala Is a Chemosensor that Detects Carbon Dioxide and Acidosis
to Elicit Fear Behavior. Cell 2009, 139, 1012–1021. [CrossRef] [PubMed]

367. Warner, C.E.; Kwan, W.C.; Wright, D.; Johnston, L.A.; Egan, G.F.; Bourne, J.A. Preservation of Vision by
the Pulvinar following Early-Life Primary Visual Cortex Lesions. Curr. Boil. 2015, 25, 424–434. [CrossRef]
[PubMed]

368. Paul, L.K.; Corsello, C.; Tranel, D.; Adolphs, R. Does bilateral damage to the human amygdala produce
autistic symptoms? J. Neurodev. Disord. 2010, 2, 165–173. [CrossRef] [PubMed]

369. Heberlein, A.S.; Adolphs, R. Impaired spontaneous anthropomorphizing despite intact perception and social
knowledge. Proc. Acad. Sci. 2004, 101, 7487–7491. [CrossRef] [PubMed]

370. Fatemi, S.H.; Aldinger, K.A.; Ashwood, P.; Bauman, M.L.; Blaha, C.D.; Blatt, G.J.; Chauhan, A.; Chauhan, V.;
Dager, S.R.; Dickson, P.E.; et al. Consensus Paper: Pathological Role of the Cerebellum in Autism. Cerebellum
2012, 11, 777–807. [CrossRef] [PubMed]

371. Whitney, E.R.; Kemper, T.L.; Bauman, M.L.; Rosene, D.L.; Blatt, G.J. Cerebellar Purkinje Cells are Reduced in
a Subpopulation of Autistic Brains: A Stereological Experiment Using Calbindin-D28k. Cerebellum 2008, 7,
406–416. [CrossRef] [PubMed]

372. Corkin, S.; Amaral, D.G.; Gonzalez, R.G.; Johnson, K.A.; Hyman, B.T. HM’s Medial Temporal Lobe Lesion:
Findings from Magnetic Resonance Imaging. J. Neurosci. 1997, 17, 3964–3979. [CrossRef] [PubMed]

373. Kansal, K.; Yang, Z.; Fishman, A.M.; Sair, H.I.; Ying, S.H.; Jedynak, B.M.; Prince, J.L.; Onyike, C.U. Structural
cerebellar correlates of cognitive and motor dysfunctions in cerebellar degeneration. Brain 2017, 140, 707–720.
[CrossRef] [PubMed]

374. Hegarty, J.P.; Gu, M.; Spielman, D.M.; Cleveland, S.C.; Hallmayer, J.F.; Lazzeroni, L.C.; Raman, M.M.;
Frazier, T.W.; Phillips, J.M.; Reiss, A.L.; et al. A proton MR spectroscopy study of the thalamus in twins with
autism spectrum disorder. Prog. Neuropsychopharmacol Biol. Psychiatry 2018, 81, 153–160. [CrossRef]

375. Sandin, S.; Lichtenstein, P.; Kuja-Halkola, R.; Larsson, H.; Hultman, C.M.; Reichenberg, A. THE FAMILIAL
RISK OF AUTISM. JAMA 2014, 311, 1770–1777. [CrossRef] [PubMed]

376. Amaral, D.G. Examining the causes of autism. Cerebrum 2017, 1, 1–12.
377. Carvill, S. Sensory impairments, intellectual disability and psychiatry. J. Intellect. Disabil. 2001, 45, 467–483.

[CrossRef]
378. Gainotti, G.; Guido, G. The Role of Body-Related and Environmental Sources of Knowledge in the Construction

of Different Conceptual Categories. Front. Psychol. 2012, 3, 430. [CrossRef]
379. Taylor, K.I.; Moss, H.E.; Tyler, L.K. The conceptual structure account: A cognitive model of semantic

memory and its neural instantiation. In Neural Basis of Semantic Memory; Hart, J., Kraut, M.A., Eds.;
Cambridge University Press: Cambridge, UK, 2007; pp. 265–301.

380. Arana, F.S.; Parkinson, J.A.; Hinton, E.; Holland, A.J.; Owen, A.M.; Roberts, A.C. Dissociable Contributions
of the Human Amygdala and Orbitofrontal Cortex to Incentive Motivation and Goal Selection. J. Neurosci.
2003, 23, 9632–9638. [CrossRef] [PubMed]

381. Cummings, J.L. The Neuropsychiatric Inventory: Assessing psychopathology in dementia patients. Neurology
1997, 48, 10–16. [CrossRef] [PubMed]

382. Owens, J.A.; Dalzell, V. Use of the ‘BEARS’ sleep screening tool in a pediatric residents’ continuity clinic:
A pilot study. Sleep Med. 2005, 6, 63–69. [CrossRef] [PubMed]

383. Maenner, M.J.; Smith, L.E.; Hong, J.; Makuch, R.; Greenberg, J.S.; Mailick, M.R. Evaluation of an activities of
daily living scale for adolescents and adults with developmental disabilities. Disabil. Health J. 2013, 6, 8–17.
[CrossRef] [PubMed]

384. Reitan, R.M.; Wolfson, D. The Halstead-Reitan Neuropsychological Test Battery: Theory & Clinical Interpretation;
Neuropsychology Press: Tucson, AZ, USA, 1985.

385. Reitan, R.M.; Wolfson, D. The Halstead-Reitan Neuropsychological Test Battery: Theory & Clinical Interpretation,
2nd ed.; Neuropsychology Press: Tucson, AZ, USA, 1993.

386. Lam, K.S.L.; Aman, M.G. The Repetitive Behavior Scale-Revised: Independent validation in individuals
with autism spectrum disorders. J. Autism Dev. Disord. 2007, 37, 855–866. [CrossRef] [PubMed]

387. Goodwin, M.S.; Velicer, W.F.; Intille, S.S. Telemetric monitoring in the behavior sciences. Behav. Res. Methods
2008, 40, 328–341. [CrossRef]

388. Rutter, M. Changing concepts and findings on autism. J. Autism Dev. Disord. 2013, 43, 1749–1757. [CrossRef]

http://dx.doi.org/10.1016/j.cell.2009.10.029
http://www.ncbi.nlm.nih.gov/pubmed/19945383
http://dx.doi.org/10.1016/j.cub.2014.12.028
http://www.ncbi.nlm.nih.gov/pubmed/25601551
http://dx.doi.org/10.1007/s11689-010-9056-1
http://www.ncbi.nlm.nih.gov/pubmed/20700516
http://dx.doi.org/10.1073/pnas.0308220101
http://www.ncbi.nlm.nih.gov/pubmed/15123799
http://dx.doi.org/10.1007/s12311-012-0355-9
http://www.ncbi.nlm.nih.gov/pubmed/22370873
http://dx.doi.org/10.1007/s12311-008-0043-y
http://www.ncbi.nlm.nih.gov/pubmed/18587625
http://dx.doi.org/10.1523/JNEUROSCI.17-10-03964.1997
http://www.ncbi.nlm.nih.gov/pubmed/9133414
http://dx.doi.org/10.1093/brain/aww327
http://www.ncbi.nlm.nih.gov/pubmed/28043955
http://dx.doi.org/10.1016/j.pnpbp.2017.09.016
http://dx.doi.org/10.1001/jama.2014.4144
http://www.ncbi.nlm.nih.gov/pubmed/24794370
http://dx.doi.org/10.1046/j.1365-2788.2001.00366.x
http://dx.doi.org/10.3389/fpsyg.2012.00430
http://dx.doi.org/10.1523/JNEUROSCI.23-29-09632.2003
http://www.ncbi.nlm.nih.gov/pubmed/14573543
http://dx.doi.org/10.1212/WNL.48.5_Suppl_6.10S
http://www.ncbi.nlm.nih.gov/pubmed/9153155
http://dx.doi.org/10.1016/j.sleep.2004.07.015
http://www.ncbi.nlm.nih.gov/pubmed/15680298
http://dx.doi.org/10.1016/j.dhjo.2012.08.005
http://www.ncbi.nlm.nih.gov/pubmed/23260606
http://dx.doi.org/10.1007/s10803-006-0213-z
http://www.ncbi.nlm.nih.gov/pubmed/17048092
http://dx.doi.org/10.3758/BRM.40.1.328
http://dx.doi.org/10.1007/s10803-012-1713-7


Brain Sci. 2019, 9, 130 41 of 41

389. Frazier, T.W.; Klingemier, E.W.; Beukemann, M.; Speer, L.; Markowitz, L.; Parikh, S.; Wexberg, S.; Giuliano, K.;
Schulte, E.; Delahunty, C.; et al. Development of an Objective Autism Risk Index Using Remote Eye Tracking.
J. Am. Acad. Child Adolesc. Psychiatry 2016, 55, 301–309. [CrossRef]

390. Cameron, O.G. Interoception: The Inside Story—A Model for Psychosomatic Processes. Psychosom. Med.
2001, 63, 697–710. [CrossRef]

391. Wolff, J.J.; Boyd, B.A.; Elison, J.T. A quantitative measure of restricted and repetitive behaviors for early
childhood. J. Neurodev. Disord. 2016, 8, 572. [CrossRef]

© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jaac.2016.01.011
http://dx.doi.org/10.1097/00006842-200109000-00001
http://dx.doi.org/10.1186/s11689-016-9161-x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Major Symptoms and Features of ASD 
	Sensory Abnormalities 
	Motor Abnormalities 
	Cognitive Abnormalities 
	Emotion Function 
	Repetitive Behaviors 
	Daily Living Skills Impairments 
	Social Impairments 
	Summary and Proposed Pathogenic Mechanism 

	Neurocircuitry: The Four Social Brain Regions are Commonly Disordered in ASD 
	The Amygdala is Disordered in ASD 
	OFC is Disordered in ASD 
	TPC is Disordered in ASD 
	Insula is Disordered in ASD 
	Summary 

	Symptomatology: The Four Social Brain Regions’ Multiple Functions, and Their Direct Contributions to ASD Symptoms and Features 
	Amygdala Disruption Likely Underlies Specific ASD Symptoms 
	OFC Disruption Likely Underlies Specific ASD Symptoms 
	TPC Disruption Likely Underlies Specific ASD Symptoms 
	Insula Disruption Likely Underlies Specific ASD Symptoms 

	Sequelae 
	Cognitive Abnormalities 
	Daily Living Skills Deficits 
	Emotional Abnormalities 
	Additional Brain Regions Display Likely Secondary Structural and Functional Atypicalities in ASD 
	Visual cortex 
	IFG 
	Caudate Nucleus 
	Hippocampus 

	Heterogeneity 

	Summary, Cautions, and Causation 
	Summary 
	Cautions 
	Causation 

	Testable Predictions and Directions for Future Research 
	Conclusions 
	References

