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Abstract: Confirmation from structural, functional, and behavioral studies agree and suggest a config-
uration of atypical lateralization in individuals with autistic spectrum disorders (ASD). It is suggested
that patterns of cortical and behavioral atypicality are evident in individuals with ASDs with atypical
lateralization being common in individuals with ASDs. The paper endeavors to better understand the
relationship between alterations in typical cortical asymmetries and functional lateralization in ASD
in evolutionary terms. We have proposed that both early genetic and/or environmental influences
can alter the developmental process of cortical lateralization. There invariably is a “chicken or egg”
issue that arises whether atypical cortical anatomy associated with abnormal function, or alternatively
whether functional atypicality generates abnormal structure.
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1. Introduction
1.1. Is Hemispheric Lateralization Uniquely Human?

It is difficult to understand the critical importance of lateralization and cerebral asym-
metries without providing a history of its evolution ultimately arriving in neurotypical
hominid evolution and how autism spectrum disorder (ASD) may manifest as a deviation
in the normal maturational patterns of asymmetries in neurotypical children and adults.

Despite its asymmetry, the brain is constructed on a symmetrical basis that has been
evidenced since the beginnings of Bilateria (i.e., bilaterally symmetrical animal embryos
or organisms possessing mirror imaged right and left sides) dating back some 600 million
years, and perhaps even earlier [1,2]. There are clear disadvantages to anatomic asym-
metry that are excessive, possibly associated with limitations in motor control functions
associated with the dysfunction of limbs on the affected side, as well as with the ability
to process sensory information [3,4]. Alternatively, symmetry may be highly associated
with limitations disadvantageous to planning complex motor activities or agency [5] and
activities that permit the ineffective utilization of cerebral resources, such as in birdsong or
in human language. Variations in asymmetry may represent a balance between asymmetry
and symmetry or individual differences in the expression of asymmetries.

Numerous authors have presumed that cerebral handedness and lateralization are
uniquely human traits [6–8]. Unfortunately, the relatively recent reports of behavioral
asymmetries in non-human organisms as diverse as ants [7], mice [9], and birds [10,11]
has begun to detract from this view [7,8,12]. While it is true that functions such as verbal
language and opposing thumb and forefinger-precision-grip and other compound manual
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skills that are represented asymmetrically in the brain are exclusively human, organisms
lower on the phylogenetic scale do demonstrate both precursory asymmetries that are
shared with humans.

It has been thought that the origins of human asymmetric function occurred as a
consequence of a mutation in the split of hominids from the great apes [13–16]. Although it
is likely the case that brain control of some tasks are lateralized and are unique to homo
sapiens, we now know that cerebral asymmetry is not uniquely a human function [17].

The bodies and brains of humans, as well as most other organisms, tend to be bi-
laterally symmetrical with the bilaterally symmetrical state being the default condition
according to Palmer [18]. Corballis [19] noted that a developing organism’s midplane can
be represented by two axes, the dorsoventral and anteroposterior, with none right-left, with
the lateral halves being consisting of independent mediolateral axes. Since the mesolat-
eral axes are mirror images of each other, the developed organism ought to be bilaterally
symmetrical, unless it interferes with that development.

In independently moving organisms, an adaptive advantage exists for limbs that are
symmetrically placed as they support more efficient linear movement as compared to
movement characteristic of non-limbed organisms such as snakes [20–22]. Movement that
is directional requires a front to back asymmetry with mouth and eyes placed anteriorly. On
the other hand, human asymmetry is right and left. With sensory perceptual asymmetry, a
significantly greater increased threat from predation would occur on the non-dominant
side rendering bilateral symmetry a protective adaptation.

On the other hand, we human beings are lateralized and are quite prevalent in the
evolution of organisms with bilateralization not necessarily being “cast in stone” if an
organism requires asymmetry as a more effective means of adaptive function. The asym-
metries of lung, heart or liver placement are asymmetrically placed possibly making the
organism more optimized [23]. However, considering that the internal organs are indepen-
dent of the external environment, there is less need for symmetry. Therefore, it appears that
for basic motor activities and sensation, bilaterality is advantageous, especially earlier in
development when motor activity and sensory feedback are the main drivers of early brain
growth [24]. However, for more complex motor activity, higher level sensory processing,
and for all cognitive functions such as verbal and non-verbal language, it is more advan-
tageous to be asymmetrical. Since higher level functions become more prevalent as we
go higher on the phylogenetic scale it would make sense that full asymmetry in humans
emerges during development and peaks later in life when the highest levels of cognitive,
motor, and sensory processing are needed [25,26].

A more recent way of viewing asymmetries was represented by Zucca and Sovrano [27],
which contravened a long-held orthodoxy, in part reflecting Sperry’s split-brain work and
that of his students and collaborators [20,28,29], who have claimed that asymmetries are
unique to the human species. Now that we know of the parallelisms between non-hominid
and hominid asymmetric function, we can no longer view this as such but rather, as Cor-
ballis [30] indicates, in the context of a bilaterally symmetric body plan manifested on the
basis of the selective advantage of the relation between asymmetry and symmetry.

Systematic asymmetries in human evolution were integrated into activities that are
likely unique to Homo sapiens. The antecedents of these asymmetries are manifest in
species other than man that include frogs [31], fish [32], birds [33], and primates [30].
Neubauer and colleagues noted the importance of the brain’s asymmetrical function as
necessary for effective cognitive function [34] although we do not know which parts of
that asymmetry are unique to humans. Earlier studies of chimpanzees found that humans
are more functionally lateralized than are other organisms. Neubauer’s group found that
forms of spatial asymmetry pattern, that had been thought to be unique to humans, was
actually shared between humans and great apes with human asymmetries appearing to be
significantly more variable contrasted with that of apes.
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1.2. Ancestral Origins of Hemispheric Lateralization

The evolution of lateralized control of behavioral function can provide us with a
window to aid in understanding the nature of human asymmetric function. Babcock [35]
studied the healed injuries of fossilized trilobites. He concluded that the predatory behavior
of these organisms when alive demonstrated asymmetric brain function. Babcock noted
significant differences between the trauma-related scars evidenced on both the left and right
of the fossilized trilobites that he studied that provided support for behavioral asymmetry
in predatory behavior at the time. Trilobites crawled on the planet well over 250 million
years ago during the Cambrian period. Babcock [35], therefore, provided evidence of the
oldest known behavioral brain asymmetries in the fossil record.

Supporting this notion of the early origins of functional asymmetry is provided by
Reisz and colleagues [36] examined the teeth and jaws in an attempt to assess the feeding
patterns of a reptile of the early Permian period from between approximately 298 to
252 million years ago. They had noted that the teeth on the right jaw were significantly
more eroded relative to those on the left. This indicated the existence of feeding behavior
that was lateralized that favored the right jaw thereby indicating directional motor function
associated with brain hemispheric laterality. They concluded that this is an example of
brain-based behavioral asymmetry with both birds and mammals both demonstrating
the essential characteristics of lateralization. Hirnstein and colleagues [37] asked why
it is that functional cerebral asymmetries evolved at all? They proposed a hypothesis
that an asymmetric brain would be advantageous for parallel processing. The noted that
asymmetric control function of the brain would support significantly greater optimized
function for instantaneous and parallel tasks. Hirnstein et al. [37] found that symmetrically
organized participants outperformed asymmetric participants in accuracy and response
times, not supporting the hypothesis of asymmetry leading to optimized function. On the
other hand, Santamecchi and colleagues [38] found support for the notion that a predictor
of higher intelligence can be that synchrony between primary sensory regions is reduced.
Excessive degrees of asymmetry, however, may make information processing systems
less optimized. There is a requirement for an effective mix of symmetry and asymmetry
between the hemispheres to be able to maximize synchronized simultaneous functions in
the most efficient way [39–41].

While it is not our intention to delve into evolutionary issues of brain asymmetry in
depth here, the reader is referred to [42–44] for a more copious analysis. Our function
is to indicate how dysfunctioning communication in asymmetric brains may play out
in behavioral terms with ASD as a vehicle for explaining phenotypes. In this regard,
Neubauer et al. [34] indicated that four largely independent axes support the development
of functional lateralization: emotion, perception/action, symbolic communication, and
decision-making. The modularization of human functional asymmetries support Neubauer
and associates’ [34] findings of human brain asymmetry that when compared with apes
is relatively more decoupled in humans. They determined that various cerebellar areas
in the posterior and anterior cerebellum concerned with symbolic communication and
perception/action respectively were dominantly activated.

The findings of Neubauer et al. [34] are interesting in our discussion as the decoupling
of occipital lobe and cerebellar asymmetry provides insight into the relation between cere-
bellar evolution in humans and its possible involvement in ASD with aberrant maturation
of some children. Neanderthals, our closest extinct relatives and the great apes did not
possess round cerebellums. The expansion of the cerebellum during fetal and neonatal
development of the brain in Homo sapiens evolved only relatively recently. The decoupling
of cerebellar and occipital asymmetry reported by Neubauer and associates may be a
reflection of evolutionary changes in the patters of the cerebellum and cortex’s neural con-
nectivity that with maturational aberrations may well be represented in decoupling in basal
ganglia-cerebellar pathways noted in ASD. It has also been noted that early developmental
disruption of cerebellar development plays a role in autistic symptoms [45].
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It had been previously suggested [46–49] that functionally asymmetric regions of the
brain demonstrate less connectivity via the corpus callosum (CC) than non-lateralized brain
regions. What would follow from such lateralized processing is the reduced likelihood
of interhemispheric delays in conduction in the larger human brain. the expectation that
larger brains grow faster and/or longer than small brains resultantly manifesting greater
developmental instabilities which has been hypothesized to rerate to greater fluctuating
asymmetry.Higher functions that are more lateralized are also more independent, and this
is an advantage [50,51]. It also indicates that integration of these more lateralized areas
of the brain are more dependent on temporal coherence [52], which is instantaneous and
would therefore be faster and more efficient than simple physical connectivity provided
by the CC [53]. Lateralization increases the bandwidth and the processing speed where it
is needed for more the more complex cognitive functions [26,54]. This may explain why
humans have a relatively small CC compared to the overall size of the brain. Having
two independent hemispheres that operate in a relatively independent, yet synchronized,
fashion gives significant cognitive advantage but may also reveal a potential weakness if
either of these two factors, asymmetry or temporal coherence, is disrupted [55–57]. This,
we think, is what may be an underlying process in ASD and in other developmental
neurobehavioral disorders [58].

In both behavioral and cerebral asymmetries studied to date, a number of individuals
are capable of reversing or negating their dominant sidedness, thus indicating that such
asymmetries can be viewed in the process of overriding the brain and body’s bilateral
symmetry, allowing the evaluation of the relative advantages and disadvantages of human
symmetry and asymmetry. We also note that a mixed dominance profile or delayed
dominance is much more common in children that are developmentally delayed such as in
those with ASD [59].

1.3. Genetic and Environmental Contributions to the Development of Human Brain Asymmetry

The genes that regulated body asymmetry are fairly well known [60], but their role
in brain lateralization is less clear. The nodal complex of genes and their interaction
with other genes clearly lead to body lateralization and seem to play a role in creating
neuroanatomical asymmetries. It is agreed that nongenetic factors such as environmental,
especially motor and sensory stimulation play the most important role in the development
of brain asymmetry [61,62] with the most important factors related to the shifting of
dominance from right to left over the first six years of life [62]. The genes underlying the
process of shifting hemisphere dominance is not clear, but it is present to varying degrees
in other species [60]. A unilateral slow wave function associated with sleep allows for one
hemisphere to essentially sleep while the other hemisphere remains awake and is present
in a number of species [63,64]. Dolphins, for example would drown without the ability to
sleep with “half a brain” [65]. The mechanism by which this process occurs is supported
by the “active” or conscious brain that is connected to the contralateral eye which remains
open, and it may also work with active flippers or the contralateral fins [65,66]. This seems
akin to the dominance profiles observed in humans where the dominant eye, ear, hand
and foot are contralateral to the “dominant” hemisphere-the hemisphere that has greater
conscious control of behavior and or memories. The same genes that regulate this in other
species may have something to do with the shifting of activation during brain development
that ultimately influences the brain’s asymmetry of function [14,60,67]. This shifting
of developmental trajectories between the hemispheres combined with environmental,
non-genetic factors, such as motor development and sensory feedback along with other
environmental experiences may be the most important factors leading to an asymmetric
brain in humans.

It has also been documented that mixed or absent dominance profiles are common
in neurobehavioral disorders [58,59,61] often with reversed or abnormal laterality. If the
genes that regulate lateralization are malfunctioning [26,68] or if the left side of the brain
becomes active first [69–71] or if the relevant genes do not create asymmetric activation
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during development [67,68,72] this may disrupt the normal lateralization of the brain.
If one side of the brain has a shorter period of development than normal [73] or if the
contralateral hemisphere comes online too soon [73] this may be associated with abnormal
lateralization which can create a developmental asynchrony [74,75] and maturational
delays [58,74,75]. Asymmetric development of the motor system may be associated with
concomitant asymmetries in sensory exploration and activation. For example, lateralized
light activation in some species can be associated with asymmetric brain connectivity and
function [26,76,77].

It is thought that the brain developed to allow an organism to move more purpose-
fully [78,79]. The ability to purposefully move allowed a choice of direction-toward or
away from an object or another organism. Purposeful movement requires the anticipation
of an outcome prior to the initiation of an outcome [80,81]. For this to occur, a brain is
necessary rendering movement foundational for developing brains [82–84]. In the context
of phylogenetic development, it can be said that with greater complexity of movement,
brains tend to possess greater degrees of complexity and asymmetry [85,86].

Brain lateralization commences early in development. By ten gestational weeks (GW),
Hepper et al. [87] found that human fetuses moved their right arms significantly more
often than left in 85% of 72 cases examined with in utero ultrasound scanning, possibly
indicating an embryonic precursor of human behavioral lateralization.

We humans have developed the most complex movements of all species-bipedalism,
coincident with the most asymmetric and complex brains. Corballis [8,15,42,69] had noted
that the larger brains of primates and humans associated with greater complexities of
behavior is constrained by the size of the skull with asymmetry being an effective means of
addressing brain complexities. Bipedal animals possess small birth canals that restrict the
growth of head circumference but produce infants with a concomitant need for a complex
brain. Cerebral asymmetry is one way in which brain complexity may be accommodated as
asymmetry can increase the number of specialized areas of the brain. Due to the small birth
canals, combined with very large heads, human infants are the most immature at birth
of any species. This means that most of the development takes place outside the womb
and that human brains are most dependent on environmental factors that influence brain
development. This can be of great advantage, as the genes and the brains that regulate
neurological development are the most flexible, allowing humans to be significantly more
adaptive to any environment. It also is a potential source of vulnerability because if the
environment or the ability to move through the environment is not optimal.

In most species, as well as in humans, genetic factors contribute to the development of
asymmetric brains. Nodal genes have been reported to support the physical asymmetry of
the body plan and are thought to be involved in the control of the asymmetric development
of the brain. Kasprian and colleagues [88,89] noted that brain asymmetry is initiated and
regulated early in fetal and neonatal development and is apparently related to asymmetric
gene expression controlling cerebral hemisphericity as early as 12 GWs [88,89]. Earlier
studies had consistently found that brain asymmetries were most evidenced perisylvian
and temporal [90–94]. There are some studies that have identified specific genes that may
be related to this asymmetry. Sun and colleagues [95] in a review of both behavioral and
cerebral asymmetries, referenced a number of studies where individuals were capable of
reversing or negating their dominant sidedness, thus indicating that such asymmetries can
be viewed in the context of the brain’s ability to override the brain and body’s bilateral
symmetry [96]. This offers support for the notion hat combinations of genetic and non-
genetic elements can support the development of brain asymmetries. Light exposure,
for example, in certain embryos may be associated with asymmetrical visual pathway
development [97–99].

The literature is replete with studies that have found relationships between alter-
ations of brain asymmetry and psychiatric and cognitive dysfunction, that have included
schizophrenia [100–102], ASD [100,103,104], and language pathology [100,105]. A compre-
hensive meta-analysis study published back in 2001 found that schizophrenia was related
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to left- and mixed-handedness, especially associated with aberrations in the lateralization of
the sylvian fissure and planum temporale [106]. Individuals with ASD have demonstrated
differences of handedness [107] cortical structure [108], and functional lateralization for
language [108,109].

Two papers concerned with the ontogenesis of lateralization (Güntürkün and Ocklen-
burg 2017 and Ocklenburg et al. [68,79]) have provided comprehensive reviews on body
and brain lateralization. They identified genes that may control lateralization. During
mammalian embryogenesis, the embryo initially develops cross an anterior-posterior axis,
then followed by the development on a dorsal–ventral axis. The final break of symmetry
occurs between right and left [110], The left–right body axis is controlled by a structure
termed the node and which in turn is contingent upon the nodal signaling cascade [111].

2. Evolution in the Context of ASD
2.1. Evolutionary Advantages of Human Accelerated Genomic Regions in ASD

When attempting to understand the relationship between the evolution of the human
brain and ASD, we can note that alterations in genetic regulatory mechanisms may be
important in both ASD and in human evolution.

There have been recent reports from comparative genomic studies that have recognized
small areas of the human genome common to numerous species but that were altered
relatively fast during the evolutionary divergence of humans from chimpanzees. Such
sequences in the genome are termed human accelerated regions (HARs) [112,113]. As our
cognitive and social behaviors are so distinctive relative to other species, some investigators
have concluded that alterations in HARs might be significant factors in the evolution of
these traits in humans [114,115]. If significant HARs were dysfunctional or damaged, it
could also be associated with impaired human cognitive and/or social functioning [115].

Additionally, autism-related genetic variants associated with ASD may have been
selected as a positive alteration during the evolution of Homo sapiens as there may well
have been a need for superior cognition. Polimanti and Gelernter [116] had performed a
genome-wide study of demonstrated that inherited variants linked to ASD were found
in positive selection at levels greater than that predicted on the basis of chance. The
relatively high incidence of ASD that we are now observing with relatively minor effects
can significantly impact on complex genetic phenotypes that could be both negative, as well
as positive. Polimanti and Gelernter found that ASD variants were statistically associated
with intellectual prowess. They additionally found that many of the ASD variants were
molecularly associated with processes related to the creation of new neurons. The big
question is why these ASD-related variants have not been eliminated by evolutionary
processes. It appears that these retained variants have had a positive effect with the
downside being ASD which might provide an adaptive benefit.

ASD individuals prefer repetition, predictability, and routine [117]. Those events or
processes which ASD individuals single out for intense attention tend to be mechanistic and
trite cognitive functioning of ASD individuals have demonstrated that they possess skill
with the examination of detail. ASD individuals along the entire spectrum have relatives
who disproportionately represent engineering disciplines and this across generations [118].

There exist evolutionary advantages for possessing autistic behaviors. Historically,
for most of the time that Homo sapiens have existed they have lived as hunter gatherers
necessitating observation of the predictable patterns of the movement of game and knowing
how to stay safe from predators. Additionally, tools such as clovis points, the atlatl, and
the production of effective projectile spears required great attention to detail in order to
produce them. These behaviors certainly indicate the understanding of materials and even
of physics by our forebearers. The ASD phenotype certainly had been advantageous to the
ancients. In present times we may note that ASD serves as a “balanced polymorphism”
or genetically based disease or disorder that would be advantageous in many respects
in ways such as thalassemia which renders the individual immune from malaria if bitten
by an anopheles mosquito with the cost of deterioration and death being irrelevant, as
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individuals from those geographical regions died before the downside of the condition
could manifest itself [119].

2.2. The Functionality of Half a Cortex at a Time

In examining species such as cetaceans we can more clearly observe and understand
the function of hemispheric switching and lateralization. In marine mammals such as
cetaceans there exists a need to thermoregulate [120]. As a result, these organisms are re-
quired to continuously swim so as to adjust their body temperature. Additionally, they need
to constantly breathe requiring them to periodically resurface. To ameliorate the problem of
breathing while asleep, one hemisphere remains active while the other is asleep [121]. The
contralateral side opposite the active hemisphere sleeps while one of the organism’s eyes is
open thereby supporting continuous movement and hemi-attention, in turn allowing for
response to potential predators. It is not only cetaceans that have this unilateral asymmetric
function, but species including mallards and birds [121,122]. As numerous species possess
this function, many have speculated that the relevant regulatory genes are also likely to
be found in humans. We conjecture that this mechanism may be the basis of asymmetric
hemispheric shifting in child development that is highly associated with cognitive abilities
including self-awareness and right hemisphere-based body ownership [123], which is
largely absent or reduced in ASD [124]. Actually, an analog to lateralized sleeping has been
noted in humans. When we, for example, attempt to sleep in an unfamiliar place, the right
hemisphere sleeps, and the left hemisphere remains active [125,126]. Actually, in humans,
consciousness sits predominately in the left hemisphere as it tends to be “aware” [127].
Laterality associated with ear, eye, and foot are typically related to the “dominant” hemi-
sphere which is also lateralized for language. There is a clear relationship and advantage to
asymmetry of the brain, but this may also lead to a specific vulnerability that may lie at the
core of many neurobehavioral disorders in children and adults [58].

2.3. Dancing Asymmetrically: Timing of Asymmetry and Lateralization

Asymmetric development of the hemispheres is largely a function of the timing of
the expansion of the cerebral hemispheres [128]. In humans, the fetal right hemisphere
develops in utero continuing for the next three years of life [128]. The left hemisphere then
continues by then principally developing over the following three years, with a 20–30%
advantage in developmental activity supporting the influence of non-genetic environmental
factors that lead to asymmetric development of specialized functions [129]. Additionally,
cerebral dominance or handedness, which is regulated by the left hemisphere in most cases,
does not fully emerge until the age of three when the left hemisphere becomes dominant
in development [58]. This is true for consciousness and explicit memory, which are also
regulated predominantly by the left hemisphere [130]. This is a reason given why it is that
we humans possess “childhood amnesia”, where we typically do not remember most events
before the age of three and start to form conscious memories when the left hemisphere and
the hippocampus come online [131]. Before this time the right brain forms subconscious,
procedural, and implicit memories [58,131].

While our focus is on the value and importance of asymmetries. Symmetric bilaterality
is critical for effective sensory–motor function. It supports our ability to move in a purpose-
ful fashion allowing symmetrical feedback supporting movement to navigate our world
more efficiently. If the control of muscle tone were asymmetric, it would impede motor
function rendering it significantly more uncoordinated in ways that we see after brain
insult [132] or in developmental disabilities such as ASD where most impaired individuals
exhibit motor coordination difficulties.

For movement coordination to be effective, bilateral movements require limbs to
produce efficient and optimized gait. The effectiveness of that symmetrical gait is a direct
function of motor system timing, in part the effective functioning of the inferior olive and
the cerebellum [133,134]. The importance of the cerebellum in this context rests on its
ability to regulate tone in voluntary and involuntary movement via the descending motor
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system. This timing signal functions metronomically allowing the motor system to be able
to connect movement spatially and temporally [135]. If such a signal did not exist, the
result would be significantly greater for uncoordinated movement. The timing that allows
for coordination of movement should also be equal bilaterally.

This “clock” that generates the timing signal needs to be symmetrically distributed
in the motor system otherwise this could result in asymmetric movements oftentimes ob-
served with developmental or adult onset damage to the cerebellum or with developmental
disabilities associated with asymmetric development [136]. Numerous neurobehavioral
disorders such as attention deficit hyperactivity disorder (ADHD), ASD, or what used to
be called developmental coordination disorder (DSD) have been demonstrated to possess
cerebellar-based developmental anatomical and functional deficits [137,138]. However,
other than the need for basic sensory and motor control, behavioral, cognitive, and process-
ing functions require brain asymmetry. One of the most important functions of the human
brain is the requirement for speed of response. The brain is required to function quickly
for beneficial and protective responses. An enemy of efficiency and speed in the human
nervous system is redundancy. Possessing brain centers that perform the exact same job is
deoptimized. It is similar to the adage, “A man with one watch always knows what time it
is a man with two watches never knows what time it is”. It is more efficient to have a single
region on one side of the brain and another control center on the contralateral side, where,
at times, they can cooperate and, at times, inhibit each other to reduce interference. Besides
increases in speed, accuracy and efficiency, asymmetric brain organization increases the
brain’s ability to perform more highly specialized tasks that in turn is associated with the
asymmetry of our complex brains [26].

Complexity theory has two primary elements, the first of which is: (a) differentiation.
To be able to engineer a complex system, diversity must exist. A system composed nu-
merous regions that control specialized functions is by definition, a more complex system.
Having two hemispheres performing similar tasks but in varied and specialized ways
requires a more complex brain. Humans have the most asymmetric brains when com-
pared with other species and also possess the most complex brains and demonstrate the
most complex behavior. In ASD and other developmental disabilities, we can observe
brain immaturity either less capable of complex behavior or with less efficient cognitive
capacity [139]. Alternatively, we can observe a disparity of skills that is characteristic of
developmental disabilities [140]. The second feature of complex systems is: (b) integration.
With reduced differentiation and specialization, we invariably witness rigidity and reduced
complexity. In a complex highly specialized system, specialized systems must be efficiently
integrated in order to create complex behavior. In the same way that we have motor- bind-
ing mechanisms in the motor system, we likewise possess a timing mechanism signal in
the brain supporting cognitive-binding, generated by the thalamocortical system [141,142].
This signal serves as the context permitting binding in space and time and from moment to
moment for multiple dedicated brain areas. If this timing mechanism is slow or asymmetric
rather than symmetric, that mechanism may prevent the binding and integration of distant
areas of the brain thereby interfering with complex behavior [143]. The lack of integration
in complex and highly specialized systems can generate “chaos”.

As the development of the brain has been variously described as constituted by
“complex scaffolding” of multiple types of neural processes [144] we can apply a complexity
model to its normal development. First and foremost are processes that are genetically-
based that are thought to be considered largely resistant to experience. These functions are
designed to protect the fetal brain, direct patterns of migrating neurons, and target synaptic
connectivities while also defining differentiated functions [145].

Additionally, “expectant-based” functions exist that occur when the brain is prepared
to obtain specific types of environmental information–and is therefore “expectant”. These
mechanisms are associated with sensitive or critical periods at which time there exists a
plethora of synapses, which eventually are reduced [146]. Critical periods are genetically
programmed supporting the development of basic skills supporting the individual’s envi-
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ronmental interaction that, as a consequence, can eliminate excess synapses [147]. Synaptic
pruning is controlled by competing neuronal connections [148]. The result is that inactive or
rarely activated neurons are purged, and experience strengthens and maintains connections
between neurons [149,150]. This gives the brain an upside-down U-shape trajectory and
interference at any point can lead to brains and brain areas that are either too small or too
big which both may represent immaturity of the brain. Neuroplasticity is a consequence
of both timing and the individual’s interactions with the environment (i.e., experience)
described more fully below. As a result, severe deprivation, challenging circumstances
over prolonged periods of time or other detrimental or abnormal experiences may nega-
tively and permanently influence brain development and its structure and function [144].
Experience-dependent synaptogenesis, an additional process, results from the unique
experience of the individual developmentally and even after maturation. This process
occurs after the “experience-expectant” processes [151]. Therefore, each individual’s brain
reveals, in part, his or her unique experiential history. More importantly, “experience-
dependent”-synaptogenesis is more highly represented in areas of the brain concerned
with information processing associated with individual experiences [151], p. 1413. This
third brain development mechanism involves numerous influences including daily social
experience, as well as interventions, such as psychotherapy or occupational training.

3. Asymmetrical Brain Development in Autism Spectrum Disorders
3.1. The Corpus Callosum Supporting Integrated Symmetric Behavior and Efficiencies of Timing in
an Asymmetric System

Having indicated that timing signals support the symmetric spatial and temporal
function of motor activity, we know that in primates, at least, axonal processing speed
relates to the evolution of hemispheric asymmetries with the development of the CC cf. [152].
With increasing brain size, some axonal fibers become disproportionately larger with greater
conduction velocity. However, increased axonal diameters may not be large enough to
offset the greater interhemispheric distance in the larger brains of primates and humans.
Therefore, action potential signaling velocity across the brain through the CC is relatively
delayed, which may be associated with a reduction of the speed of interhemispheric
connectivity [152]. These factors could support the evolution of hemispheric specialization
associated with greater brain size.

Not having had much traction since the 1970s, the work of the late Hebert Birch
may be quite relevant in this regard. Birch and colleagues had noted that individuals
with unilateral cerebral damage demonstrate unilateral delay in processing sensory in-
formation, with such delay being consequential for action organization. Left hemiplegic
individuals demonstrated significantly longer reaction times to stimulation of the left than
of the right side in contrast to controls who showed no such lateral differences in reaction
time. Birch and colleagues concluded that delayed sensory information processing was
associated with cerebral damage that in turn had functional consequences for awareness
and perception [153–155], as well as for the organization of action [156].

We have long known that auditory, primary visual and motor function in humans
is highly asymmetric manifested as right-sided sensory input and bilateral motor output.
The issue of course is that bi-hemispheric input requires integration somehow to produce a
cohesive motor reaction [157]. In evolutionary terms the CC is significantly involved in the
control of complex cognitive activity, as well as in the specialization of brain regions [158].
In support of this notion some investigators have noted that the speed of interhemispheric
communication is significantly greater as a function of greater brain size [159–163]. On
the other hand, others have thought the opposite in that larger brains are associated
with hemispheric slowing [164,165]. Additionally, some investigators have noted that
asymmetrical brains are significantly better able to respond to simultaneously presented
diverse stimuli [68,166–168]. Broadly speaking, the literature indicates that after many
years of research we have been able to demonstrate a significant relationship between CC
connections and increased interhemispheric transfer time in individuals with congenital
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absence of the CC and in split-brain individuals [169,170]. We do note, however, that ASD
individuals have been reported to demonstrate significantly increased interhemispheric
transfer times [171] and reduced interhemispheric coherence.

3.2. Cerebral Connectivity and the Corpus Callosum in ASD

We have described the CC as a thick and broad axonal tract that is comprised of a
bundle of fibers underneath the neocortex that links the right and left hemispheres of the
brain. Its principal function is to support effective communication between the cerebral
hemispheres. There is much support for the notion that the smaller size of the CC in ASD
reflects neural under-connectivity with an effect in turn associated with reductions in the
patterns of synchronization between regions of the brain [172]. Clinical reports of CC
agenesis support the notion that the resultant impairment in social functioning possess
commonalities with ASD behaviors [173,174].

3.3. Corpus Callosum Asymmetry

In attempting to explain why these clinical associations are present, Belmonte et al. [175]
and Courchesne and Pierce [176] argued that fundamental deficits in ASD are associated
with diminished long-range connectivities between the frontal lobes and other brain sys-
tems, and to local over-connectivity within the frontal lobes. According to these investiga-
tors, superficial white matter tracts associated with cortico-cortical fiber enlargement and
CC volume are reduced. One can discriminate between neurotypical and approximately
95 percent of autistic toddlers and young children on the basis of deviations between
groups of cerebral white matter and cerebellar vermis size. This would allow an accu-
rate prediction of the developmental outcome of high or low function among the autistic
children. It appears that persons with ASD have been reported and long been known to
demonstrate dysfunction of fronto-striatal systems associated with cognitive, emotional
and social behavior based on neuropsychological testing that has included the Wisconsin
Card Sorting test [177] Tower of Hanoi-type tasks [178], and the CANTAB measuring frontal
lobe function [179]. While the reasons for the deficits in performance are not apparent it
has been intimated that executive function deficits could be associated with an atypical
right lateralized fronto-striatal brain networks that are dysfunctional in information inte-
gration [180] with differences in asymmetrical functional connections having been noted as
having associations with the mechanisms of ASD.

Luders et al. [181] demonstrated significantly greater right lateralization of the anterior
CC, the area projecting to the motor cortices in right-handed males. They had determined
that there exists a stronger leftward lateralization of motor functions in right-handers
associated in turn with a reduction in left interhemispheric fibers connections. Braun and
colleagues [182,183] reported consistent findings that suggested that motor transfer is more
efficient from the right to the left hemisphere via the CC in neurotypical individuals, but no
such relationship has been reported with ASD individuals. The absence of a relationship
in ASD individuals does not necessarily imply impairment, but rather can result in a
hypothesized reduced effective distribution of commissural connectivities.

Numerous investigators have theorized that the CC is a structure highly associated
with the symptoms of autism, but with little attention paid to asymmetry. We know that
the anterior mid body of the CC projects to the motor cortex [184], with projections to
the posterior parietal cortex from the posterior mid-body of the CC. This area is highly
interconnected, and its function integrates sensory and motor input from visual and somatic
areas [185]. As a result of the integration of these systems, these connectivities can subserve
sensory guided movement planning and behavioral responsivity to the environment.

Studies that have examined individuals with posterior or mid-CC lesions have re-
ported movement incoordination [186], and in tactile information processing [187]. Patients
with posterior parietal cortex (PPC) lesions display difficulties in the permanence of action
sequences, as well as in the performance of hand and eye movement when grasping [188].
Some of these behaviors in ASD connote an atypical symmetry of the posterior and ante-
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rior mid-body which may well be associated with the motor inefficiencies so often noted
in ASD [189], impairments in fine motor skills [190], motor planning and sequencing
deficits [191], agency [5], and difficulties in responding to spoken language [192]. As a
region of the posterior parietal cortex is involved in fields of aversion and eye movement
planning, attention and eye contact in autism may be associated with this brain region
as well.

Rightward asymmetry of numerous regions of the CC (e.g., the posterior mid-body,
rostral body and the splenium) have been found to be associated with increased ASD
symptom severity. The explanation is clear in that the splenium projects to the inferior
temporal and occipital lobes significant for object and face processing. Schultz [193] has
demonstrated significantly decreased activity in the fusiform face area (FFA) and a con-
comitant increase of activity in the inferior temporal gyrus during face processing in ASD.
Impediments in facial recognition in ASD are highly associated with difficulties in social
interaction and could in part explain why differences in the splenium between ASD and
neurotypical individuals are related to deficits in social interaction. The CC rostral body’s
rightward asymmetry has been thought to be related to deficits in social interaction (cf.
Bradshaw’s fronto-striatal model [194]) which indicates that frontal circuits that have been
abnormally lateralized can serve as a basis for deficits in social, behavioral, and higher
cognitive functions. Stronger rightward posterior mid-body CC asymmetry is related with
significantly greater symptom severity with its responsibility in part of integrating sen-
sory0motor input. ASD is associated with hypo- or hyper-sensory processing abnormalities
also being related to repetitive and stereotypical behaviors [195]. The body of literature on
this topic intimates that rightward brain asymmetry and underconnectivity may interfere
with movement planning, stereotyped movement patterns, eye movement control, and
face recognition and possibly may affect other aspects not infrequently evidenced in ASD.

3.4. Cerebral Asymmetry in Autism

There exists argument in the neuropsychological literature that claims involvement of
either the right [56,103,196] or the left hemisphere [197] in the manifestation of the expressed
characteristics and deficits in ASD. A principal symptom of autism is impairment in both
expressive and receptive language [198,199]. This dysfunction could be evaluated relatively
early in a child’s neurobehavioral development and has led many to conclude that ASD is
highly associated with left hemisphere deficits.

On the other hand, Children with ASD have been reported by some investigators [103]
to largely develop a right-biased cortical organization for right-hemisphere information
processing. If one were to assume that the right hemisphere functions in its appropriate
fashion in ASD with a functional suppression of the left cerebral hemisphere, and, as a
result, information would largely be right hemisphere processed, to which the ASD child
would orient and ultimately assimilate so as to build cognitive schemata, and then analytic
language skills in children with ASD would be absent, and such functions as visual-spatial
processing and musical skill would be preserved cf. [33,58].

Much was suggested in the early 1970s that is beginning to currently gain support.
Turkewitz [200] found that neonates responded more consistently to right-sided mouth
and face touching touch by turning to the right compared to left-sided touching. However,
infants who had scored low on Apgar testing at birth tended to not demonstrate a clear
preference for the side of stimulation. Additional support that has been known for some
time and with recent confirmation [201] had noted that most of the autistic children studied
demonstrated enlargement of the left ventricle. Colby and Parkinson [202] found that the
frequency on non-righthandedness for the autistics was 65% whereas it was 12% for the
normal. Failure in the normal developmental processes of lateralization can be taken as a
sign of brain dysfunction.

Besides arguing for either right or left hemisphere differences, there is significant
evidence, for now already over forty years that the problem may not be either right or left
dominance but rather a functional independence of interhemispheric communication. In
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other words, a lack of asymmetry may be present, when, in fact, there should be asymmetric
function of the two hemispheres.

The majority of neurotypical individuals demonstrate cortical asymmetry usually
manifested in the form of left occipital and right prefrontal protuberances [203]. A number
of studies have investigated brain asymmetry is individuals with ASD with mixed results.
One study by Hier and associates [204] examined asymmetries in the parieto-occipital
region in a sample of 4- to 27-year-olds with ASD with an additional cohort of individuals
with intellectual disability. It had been noted that the ASD cohort demonstrated more than
twice the incidence of reversed occipital asymmetry (i.e., right greater than left) then did
the other groups. Other investigators [205] did not find that children and young adults with
ASD demonstrated significantly more occipital asymmetry than did normal adults. The
studies that have examined prefrontal asymmetry [205] found no higher rate of asymmetry
in people with ASD when compared with normal adults [205]. Tsai and colleague [206], on
the other hand, noted that the children that they investigated with ASD had been classified
at a significantly higher rate in demonstrating either frontal or occipital equal potentiality
when compared with healthy right-handed adults. In contradistinction, the right prefrontal
protuberances being greater than left and the left occipital protuberances being greater than
right have reportedly been found in approximately 70 percent of right-handed adults [207].
Reversed asymmetries have been reported more frequently by a factor of four in individuals
with developmental language dysfunction [208].

There is evidence as a basis on which to conclude that the developmental and geneti-
cally supported processes of cerebral asymmetry may create an ideal template for lateralized
function development with alterations from the template predisposing the individual with
ASD to develop atypical patterns of lateralization. As indicated earlier, atypical patterns of
language lateralization have been reported in individuals with ASD [56], with reversed
or reduced asymmetry for language having been consistently reported cf. [205]. Atypical
brain asymmetries may be associated with very early aberrant cortical development [209].

Hardan and colleagues [210] had performed a morphometric study of the total CC
volume in children with autism. They found reductions in CC total volume and several of
its subdivisions in ASD children. The CC alterations in their investigation are consistent
with midsagittal area tracings of decreased CC size in ASD. These findings are consistent
with a hypothesis of dysfunctional connectivity with possible decrease in interhemispheric
communications. Bartha-Doering and colleagues [211] found evidence that the CC is di-
rectly linked to language network connectivity and underlines the excitatory role of the
CC in the integration of information from both hemispheres. There have been numerous
studies on the role of CC aberrant lateralization in ASD that have been extensively re-
viewed by Valenti and colleagues [212] that when taken together relate to ASD symptom
production in general and can be viewed as a descriptor of hemispheric connectivity. CC
abnormalities can account for the characteristically poor functional connectivities noted
in ASD. In their review, Valenti and colleagues, evaluated studies employing diffusion
tensor imaging (DTI) and functional magnetic resonance imaging (fMRI) that examined the
contribution of the CC in structural and functional brain connectivity in individuals with
ASD. A principal objective of functional and structural connectivity studies has been to
determine the anatomical correlates of ASD. Among these findings have included reduction
in the volume of the CC—a consistent finding in autistic brains. Additionally, functional
connectivity studies have demonstrated atypical activity during working memory, social
cognition, and in executive function tasks in individuals with ASD with all of these studies
contributing to better understanding the CC’s role in the manifestation of deficits noted in
ASD.The role that the CC development has on the hemispheric specialization of language
is not well understood. Hinckly and colleagues [213] employed magnetoencephalography
(MEG) in patients with congenital agenesis of the CC. These individuals were given tests
of verb generation and picture naming during the MEG procedures. Tests of hemispheric
dominance found significant reductions of lateralized function (i.e., an increased chance of
right hemisphere dominance or bilaterality) in ASD when contrasted with neurotypical
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children. The results were observed to be more profound in cases where there was a
complete agenesis of the CC. Behavioral measures of verbal intelligence were positively
correlated with laterality. These results support the hypothesis that functional specializa-
tion in development of the brains of childhood is supported by the CC. By extension, the
loss of this mechanism is related to verbal deficits.

Cermak and associates [214] performed a scoping review of studies of brain regions
associated with language performance ASD individuals. They noted consistencies across
studies that examined asymmetries, with negative associations between right brain regions
and language in ASD individuals compared to positive associations between left brain
regions and language in neurotypical individuals without ASD symptoms. Their review
also found significantly greater rightward asymmetries in ASD offering support the lit-
erature review by Lindell and Hudry [215] that found a relationship between rightward
asymmetry and poorer language abilities in ASD.

Yet another view on the subject of hemisphericity issues in ASD is a burgeoning
literature indicating a principal suppression of the right hemisphere in favor of the left,
which we favor [216]. Since diversity in a population adds to evolutionary fitness there
are clear advantages to having some people be right hand dominant and others left with
a clear advantage to right hand dominance. Any trait that is to be preserved, promoted,
or eliminated is based on how it effects evolutionary fitness. Evolutionary fitness can be
defined on the basis of whether or not it leads to a likelihood of procreation and survival
of the species. It is thought that ASD, schizophrenia, and bipolar disorder have a genetic
basis; however, there is no single genetic mutation that has been found to be associated
with the majority of cases. However, from and evolutionary fitness perspective it would
seem that each one of these disorders would reduce the evolutionary fitness of the species.
ASD and schizophrenic individuals do not typically have offspring and in bipolar disorder
there is a 5 x greater suicide rate [217].

Therefore, clearly from an evolutionary perspective these individuals appear to be
disadvantaged. On the other hand, these disorders are still quite prevalent and seem
to be increasing in frequency. The only explanation would be that there are underlying
traits associated with these disorders that at one level may also impart a great advantage.
However, too much of this trait can become disadvantageous. ASD and schizophrenia
may be related to an “intellect trait” with family members of these individuals tending
to be highly intelligent. Simon Baron Cohen has shown that autism occurs more often
in families of physicists, engineers, and mathematicians [218]. He had also noted that
there exist clusters of ASD individuals around areas heavily involved in the IT industry. A
significant number of parents of children with autism have themselves not been diagnosed
with autism but do possess similar cognitive skills and behaviors, albeit not as pronounced.
This is also true for siblings of individuals with autism. Too much of one type of trait
may give advantage to that trait but may also be associated with a deficit of another
trait. For instance, increases in logical, linear type thinking may be associated with lower
sociability. Baron Cohen thinks that in ASD individuals possess an excessive maleness trait
associated with increased systemization ability in autism and decreased empathizing ability.
However, we alternatively can be viewed this as hyperfunctioning of the left hemisphere in
autistic individuals.

We think that it is a misconception that children with autism demonstrate left hemi-
sphere deficits as some are not able to speak, and there is a certain percentage of the
autistic population that do possess deficits in verbal language. However, many of those
with autism have significantly more severe nonverbal communication deficits related to
underdevelopment of the right hemisphere. Even those that are non-verbal in many cases
show savant level left hemisphere skills. We propose the reason that they may not be able
to speak is that a significant developmental delay of the right parietal lobe and insular
cortex in turn delays their abilities of interoception and bodily spatial perception, as well
as delaying the development of “body ownership” and self-awareness, in turn being as-
sociated with deficits in agency and the ability to move and control the motor planning
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necessary for speech and language. The reason that ASD is increasing in frequency is
that the trait underlying it provides great advantage especially in a world moving more
toward technology and left-brain skills as noted by Ian McGilchrist [219]. Based on the
fact that there are genes that are thought to regulate the development of the left and right
hemisphere separately [220,221] it would make sense that there are those that are more
right or left hemisphere dominant and that like all other traits these traits would fall on a
spectrum where at the most extreme end, the intellectual advantage goes over the edge
of an “evolutionary cliff’ and that this, coupled with extreme deficits in other functions
manifest collectively as extremely well developed and significantly underdeveloped abili-
ties lead to ASD. This can explain the typical unevenness of skills characteristic of almost
all neurobehavioral disorders [58] but especially autism. It also could be explained by the
hyperconnectivity seen with short range connections and the under-connectivity of long
range connections with the overall deficit of interhemispheric connectivity all seen in ASD.

3.5. Environmental Influences on Synaptogenesis and the Corpus Callosum in General and on
Asymmetry in ASD in Particular

With the orderly process of asymmetric hemispheric development in humans, the right
hemisphere develops first in utero and continues for the first three years postpartum. Next,
the left hemisphere becomes more predominant in development during the following three
years. It is during these three years there exists a 20–30% advantage in developmental activ-
ity that supports an asymmetric development of specialized functions [58]. Environmental
stimulation, the most active hemisphere, and the most active afferents are the principal
means for shaping hemispheric function [58]. We had earlier noted that many organisms
have a mechanism that allows one hemisphere to sleep while the other hemisphere remains
active. The side of the body opposite to the active hemisphere including the eye remain
open and active to allow for continued movement and awareness of any danger. Since
many species have this ability, the genes that regulate this function are most likely present
in humans as well. We think that this mechanism may be at the root of this hemispheric
shifting during development that being the single most important factor in developing
lateralization of function and the unique level of cognitive ability, especially self-awareness,
that humans possess. In general, the left hemisphere is invariably consciously “aware”.
Hand, foot, eye and ear dominance are usually associated with the “dominant” hemisphere
which is most often the left hemisphere which is also the verbal hemisphere. There is a
clear relationship and advantage to asymmetry of the brain, but this may also lead to a
specific vulnerability that may lie at the core of most neurobehavioral disorders in children
and adults.

Postnatal neuronal differentiation may be influenced by experience and be one means
by which parenting can shape brain development. Rats, for example, raised in enriched
conditions demonstrate increased dendritic spine density, greater dendritic arborization,
and significantly more synapses per neuron in various brain regions of animals raised
in stimulus reduced environments. cf. [222] Additionally, investigators have found that
increases in dendritic length are highly associated with increased cortical thickness that
has been found in rats raised in highly stimulating environments [222]. There also exists
evidence that enriched environments have a significant positive effect on the development
of white matter [223], on the CC, and on selenium myelinization [224], which is discussed
more fully in the next subsection. Rhesus monkeys raised in enriched environments also
demonstrate bigger corpus calosa [225]. In many of these studies, the enriched environ-
ment relates to more active or complex movement and increased sensory stimulation in
these animals relates to increased and more complex movement which, in turn, drives
sensory exploration and stimulation, which may also relate to early human development.
In humans, for example, extensive piano practice beginning in childhood is associated with
increased cerebral white matter [226] Rat studies suggest that experience effects on myeli-
nation appear to be associated with early neurological development, as mature rats raised
in enriched environments do not demonstrate experiential effects of myelination [227]. If
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the same principle is applicable to humans, it could denote that there exists a critical period
during which parenting because a significant variable in affecting brain asymmetry.

Early environmental influences on development may both improve normal perfor-
mance, as well as negatively affect it. Stresses encountered early in development, including
fetal development, that may be either cognitive or physiological, may order developing
neural networks to evoke cascading effects continuing into later development, that may
restrict the child’s adaptive flexibility to challenging and novel situations. As a result,
abnormal stresses at a given stage in the developing brain impedes: the creation of new
structures and functions, negatively influence the form of later-emerging structures, allow
for the construction of structures that are not normally demonstrated, and/or limit the
use and expansion of structures and functions that had appeared earlier [228], p. 1428.
Resultantly, there exist numerous means by which brain development can become inap-
propriate, with significant differences between individual fetuses, neonates and children
in their resilience to adversity, whether it is due to violence, poverty, parental neglect and
abuse or severe discipline.

4. Conclusions

Confirmation from structural, functional, and behavioral studies agree and suggest a
configuration of atypical lateralization in individuals with ASDs. The research reviewed
suggests that patterns of cortical and behavioral atypicality are evident in individuals with
ASDs. Importantly, the present review emphasizes that atypical lateralization is common
in individuals with ASDs.

On the basis of the research reviewed, we can better understand the relationship
between alterations in typical cortical asymmetries and functional lateralization in ASD.
We have proposed that both early genetic and/or environmental influences can alter the
developmental process of cortical lateralization. There invariably is a “chicken or egg”
issue that arises whether atypical cortical anatomy is associated with abnormal function
or, alternatively, whether functional atypicality generates an abnormal structure. Simply
stated, we do not know.
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Šestan, N. Functional and Evolutionary Insights into Human Brain Development through Global Transcriptome Analysis. Neuron
2009, 62, 494–509. [CrossRef] [PubMed]

97. Rogers, L.J. A Matter of Degree: Strength of Brain Asymmetry and Behaviour. Symmetry 2017, 9, 57. [CrossRef]
98. Vallortigara, G.; Chiandetti, C.; Sovrano, V.A. Brain asymmetry (animal). Wiley Interdiscip. Rev. Cogn. Sci. 2011, 2, 146–157.

[CrossRef] [PubMed]
99. Leisman, G.; Machado, C.; Melillo, R. Cortical Visual Impairment in Childhood: ‘Blindsight’ and the Sprague Effect Revisited.

Brain Sci. 2021, 11, 1279. [CrossRef] [PubMed]
100. Sha, Z.; Schijven, D.; Francks, C. Patterns of brain asymmetry associated with polygenic risks for autism and schizophrenia

implicate language and executive functions but not brain masculinization. Mol. Psychiatry 2021, 26, 7652–7660. [CrossRef]
101. Zhu, Y.; Wang, S.; Gong, X.; Edmiston, E.K.; Zhong, S.; Li, C.; Zhao, P.; Wei, S.; Jiang, X.; Qin, Y.; et al. Associations between

hemispheric asymmetry and schizophrenia-related risk genes in people with schizophrenia and people at a genetic high risk of
schizophrenia. Br. J. Psychiatry 2021, 219, 392–400. [CrossRef]

102. Pullman, L.E.; Refaie, N.; Lalumière, M.L.; Krupp, D. Is Psychopathy a Mental Disorder or an Adaptation? Evidence From a
Meta-Analysis of the Association Between Psychopathy and Handedness. Evol. Psychol. 2021, 19, 4. [CrossRef]

http://doi.org/10.1007/s11682-021-00476-x
http://www.ncbi.nlm.nih.gov/pubmed/34021487
http://doi.org/10.1016/j.nicl.2019.101778
http://www.ncbi.nlm.nih.gov/pubmed/30901712
http://doi.org/10.1002/dvg.22741
http://doi.org/10.1038/srep02701
http://doi.org/10.1038/415134a
http://doi.org/10.1111/desc.12409
http://doi.org/10.1080/13658816.2018.1564317
http://doi.org/10.1016/j.cell.2016.02.038
http://doi.org/10.1111/soc4.12183
http://doi.org/10.1016/S0959-4388(96)80030-4
http://www.ncbi.nlm.nih.gov/pubmed/9000021
http://doi.org/10.1002/dev.21119
http://doi.org/10.1097/RMR.0b013e31823e6f80
http://www.ncbi.nlm.nih.gov/pubmed/22158132
http://doi.org/10.1093/cercor/bhq179
http://www.ncbi.nlm.nih.gov/pubmed/20851852
http://doi.org/10.1126/science.161.3837.186
http://doi.org/10.1001/archneur.1975.00490460055007
http://doi.org/10.1001/archneur.1977.00500180040008
http://doi.org/10.1016/0028-3932(94)90104-X
http://doi.org/10.1073/pnas.0702116104
http://doi.org/10.1126/science.1110324
http://www.ncbi.nlm.nih.gov/pubmed/15894532
http://doi.org/10.1016/j.neuron.2009.03.027
http://www.ncbi.nlm.nih.gov/pubmed/19477152
http://doi.org/10.3390/sym9040057
http://doi.org/10.1002/wcs.100
http://www.ncbi.nlm.nih.gov/pubmed/26302006
http://doi.org/10.3390/brainsci11101279
http://www.ncbi.nlm.nih.gov/pubmed/34679344
http://doi.org/10.1038/s41380-021-01204-z
http://doi.org/10.1192/bjp.2021.47
http://doi.org/10.1177/14747049211040447


Symmetry 2022, 14, 2689 19 of 23

103. Floris, D.L.; Wolfers, T.; Zabihi, M.; E Holz, N.; Zwiers, M.P.; Charman, T.; Tillmann, J.; Ecker, C.; Dell’Acqua, F.; Banaschewski, T.;
et al. Atypical brain asymmetry in autism—A candidate for clinically meaningful stratification. Biol. Psychiatry Cogn. Neurosci.
Neuroimaging 2021, 6, 802–812. [CrossRef]

104. Postema, M.C.; Rooij, D.V.; Anagnostou, E.; Arango, C.; Auzias, G.; Behrmann, M.; Busatto Filho, G.; Calderoni, S.; Calvo, R.;
Daly, E.; et al. Altered structural brain asymmetry in autism spectrum disorder in a study of 54 datasets. Nat. Commun. 2019,
10, 4958. [CrossRef]

105. Silver, E.; Korja, R.; Mainela-Arnold, E.; Pulli, E.P.; Saukko, E.; Nolvi, S.; Kataja, E.L.; Karlsson, L.; Karlsson, H.; Tuulari, J.J. A
systematic review of MRI studies of language development from birth to 2 years of age. Dev. Neurobiol. 2021, 81, 63–75. [CrossRef]
[PubMed]

106. Sommer, I.; Ramsey, N.; Kahn, R.; Aleman, A.; Bouma, A. Handedness, language lateralisation and anatomical asymmetry in
schizophrenia: Meta-analysis. Br. J. Psychiatry 2001, 178, 344–351. [CrossRef] [PubMed]

107. Markou, P.; Ahtam, B.; Papadatou-Pastou, M. Elevated Levels of Atypical Handedness in Autism: Meta-Analyses. Neuropsychol.
Rev. 2017, 27, 258–283. [CrossRef] [PubMed]

108. Lindell, A.K.; Hudry, K. Atypicalities in Cortical Structure, Handedness, and Functional Lateralization for Language in Autism
Spectrum Disorders. Neuropsychol. Rev. 2013, 23, 257–270. [CrossRef]

109. Ocklenburg, S.; Beste, C.; Arning, L.; Peterburs, J.; Güntürkün, O. The ontogenesis of language lateralization and its relation to
handedness. Neurosci. Biobehav. Rev. 2014, 43, 191–198. [CrossRef]

110. Hackett, B.P. Formation and malformation of the vertebrate left-right axis. Curr. Mol. Med. 2002, 2, 39–66. [CrossRef]
111. Duboc, V.; Lepage, T. A conserved role for the nodal signaling pathway in the establishment of dorso-ventral and left–right axes

in deuterostomes. J. Exp. Zool. Part B Mol. Dev. Evol. 2008, 310, 41–53. [CrossRef]
112. Olson, M.V.; Varki, A. Sequencing the chimpanzee genome: Insights into human evolution and disease. Nat. Rev. Genet. 2003, 4,

20–28. [CrossRef]
113. Pollard, K.S.; Salama, S.R.; King, B.; Kern, A.D.; Dreszer, T.; Katzman, S.; Siepel, A.; Pedersen, J.S.; Bejerano, G.; Baertsch, R.; et al.

Forces shaping the fastest evolving regions in the human genome. PLoS Genet. 2006, 2, e168. [CrossRef]
114. Levchenko, A.; Kanapin, A.; Samsonova, A.; Gainetdinov, R. Human Accelerated Regions and Other Human-Specific Sequence

Variations in the Context of Evolution and Their Relevance for Brain Development. Genome Biol. Evol. 2018, 10, 166–188.
[CrossRef]

115. Doan, R.N.; Bae, B.-I.; Cubelos, B.; Chang, C.; Hossain, A.A.; Al-Saad, S.; Mukaddes, N.M.; Oner, O.; Al-Saffar, M.; Balkhy, S.;
et al. Mutations in Human Accelerated Regions Disrupt Cognition and Social Behavior. Cell 2016, 167, 341–354.e12. [CrossRef]
[PubMed]

116. Polimanti, R.; Gelernter, J. Widespread signatures of positive selection in common risk alleles associated to autism spectrum
disorder. PLoS Genet. 2017, 13, e1006618. [CrossRef] [PubMed]

117. Baron-Cohen, S.; Cox, A.; Baird, G.; Swettenham, J.; Nightingale, N.; Morgan, K.; Drew, A.; Charman, T. Psychological markers in
the detection of autism in infancy in a large population. Early Hum. Dev. 1997, 47, 98–99. [CrossRef]

118. Baron-Cohen, S.; Wheelwright, S.; Burtenshaw, A.; Hobson, E. Mathematical Talent is Linked to Autism. Hum. Nat. 2007, 18,
125–131. [CrossRef]

119. Vlok, M.; Buckley, H.R.; Miszkiewicz, J.J.; Walker, M.M.; Domett, K.; Willis, A.; Trinh, H.H.; Minh, T.T.; Nguyen, M.H.T.; Nguyen,
L.C.; et al. Forager and farmer evolutionary adaptations to malaria evidenced by 7000 years of thalassemia in Southeast Asia. Sci.
Rep. 2021, 11, 5677. [CrossRef]

120. Davis, R.W. Metabolism and thermoregulation. In Marine Mammals; Springer: Cham, Switzerland, 2019; pp. 57–87.
121. Konadhode, R.R.; Pelluru, D.; Shiromani, P.J. Unihemispheric sleep: An enigma for current models of sleep-wake regulation.

Sleep 2016, 39, 491–494. [CrossRef]
122. Rattenborg, N.C.; Voirin, B.; Cruz, S.M.; Tisdale, R.; Dell’Omo, G.; Lipp, H.P.; Wikelski, M.; Vyssotski, A.L. Evidence that birds

sleep in mid-flight. Nat. Commun. 2016, 7, 12468. [CrossRef]
123. Ishikawa, R.; Ayabe-Kanamura, S.; Izawa, J. The role of motor memory dynamics in structuring bodily self-consciousness. iScience

2021, 24, 103511. [CrossRef]
124. Ropar, D.; Greenfield, K.; Smith, A.D.; Carey, M.; Newport, R. Body representation difficulties in children and adolescents with

autism may be due to delayed development of visuo-tactile temporal binding. Dev. Cogn. Neurosci. 2018, 29, 78–85. [CrossRef]
125. Bódizs, R.; Gombos, F.; Ujma, P.P.; Szakadát, S.; Sándor, P.; Simor, P.; Pótári, A.; Konrad, B.N.; Genzel, L.; Steiger, A.; et al. The

hemispheric lateralization of sleep spindles in humans. Sleep Spindl. Cortical Up States 2017, 1, 42–54. [CrossRef]
126. Andrillon, T.; Poulsen, A.T.; Hansen, L.K.; Léger, D.; Kouider, S. Neural Markers of Responsiveness to the Environment in Human

Sleep. J. Neurosci. 2016, 36, 6583–6596. [CrossRef] [PubMed]
127. Gazzaniga, M.S.; Miller, M.B. The left hemisphere. In The Neurology of Consciousness: Cognitive Neuroscience and Neuropathology;

Academic Press: Cambridge, MA, USA, 2009; pp. 261–270.
128. Caccappolo, E.; Honig, L.S. Development of the central nervous system. In Textbook of Clinical Neuropsychology; Taylor & Francis:

Abingdon, UK, 2016; p. 83.
129. Olulade, O.A.; Seydell-Greenwald, A.; Chambers, C.E.; Turkeltaub, P.E.; Dromerick, A.W.; Berl, M.M.; Gaillard, W.D.; Newport,

E.L. The neural basis of language development: Changes in lateralization over age. Proc. Natl. Acad. Sci. USA 2020, 117,
23477–23483. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bpsc.2020.08.008
http://doi.org/10.1038/s41467-019-13005-8
http://doi.org/10.1002/dneu.22792
http://www.ncbi.nlm.nih.gov/pubmed/33220156
http://doi.org/10.1192/bjp.178.4.344
http://www.ncbi.nlm.nih.gov/pubmed/11282814
http://doi.org/10.1007/s11065-017-9354-4
http://www.ncbi.nlm.nih.gov/pubmed/28735387
http://doi.org/10.1007/s11065-013-9234-5
http://doi.org/10.1016/j.neubiorev.2014.04.008
http://doi.org/10.2174/1566524023363031
http://doi.org/10.1002/jez.b.21121
http://doi.org/10.1038/nrg981
http://doi.org/10.1371/journal.pgen.0020168
http://doi.org/10.1093/gbe/evx240
http://doi.org/10.1016/j.cell.2016.08.071
http://www.ncbi.nlm.nih.gov/pubmed/27667684
http://doi.org/10.1371/journal.pgen.1006618
http://www.ncbi.nlm.nih.gov/pubmed/28187187
http://doi.org/10.1016/S0378-3782(97)81293-5
http://doi.org/10.1007/s12110-007-9014-0
http://doi.org/10.1038/s41598-021-83978-4
http://doi.org/10.5665/sleep.5508
http://doi.org/10.1038/ncomms12468
http://doi.org/10.1016/j.isci.2021.103511
http://doi.org/10.1016/j.dcn.2017.04.007
http://doi.org/10.1556/2053.01.2017.002
http://doi.org/10.1523/JNEUROSCI.0902-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27307244
http://doi.org/10.1073/pnas.1905590117
http://www.ncbi.nlm.nih.gov/pubmed/32900940


Symmetry 2022, 14, 2689 20 of 23

130. Schacter, D.L. Understanding Implicit Memory: A Cognitive Neuroscience Approach. In Theories of Memory; Psychology Press:
London, UK, 2019; pp. 387–412. [CrossRef]

131. Newcombe, N.; Benear, S.L.; Ngo, C.; Olson, I.R. Memory in infancy and childhood. In Oxford Handbook on Human Memory;
Oxford University Press: Oxford, UK, 2022; in press.

132. Sheridan, C. A Longitudinal Spatiotemporal Analysis of Gait after Traumatic Brain Injury and an Assessment of Rhythmic
Auditory Stimulation as a Gait Training Technique. Ph.D. Thesis, University of Toronto, Toronto, ON, Canada, 2018.

133. De Sanctis, P.; Solis-Escalante, T.; Seeber, M.; Wagner, J.; Ferris, D.P.; Gramann, K. Time to move: Brain dynamics underlying
natural action and cognition. Eur. J. Neurosci. 2021, 54, 8075–8080. [CrossRef] [PubMed]

134. Shimada, H.; Ishii, K.; Ishiwata, K.; Oda, K.; Suzukawa, M.; Makizako, H.; Doi, T.; Suzuki, T. Gait adaptability and brain activity
during unaccustomed treadmill walking in healthy elderly females. Gait Posture 2013, 38, 203–208. [CrossRef] [PubMed]

135. Ivry, R.B.; Spencer, R.M.; Zelaznik, H.N.; Diedrichsen, J. The cerebellum and event timing. Ann. N. Y. Acad. Sci. 2002, 978, 302–317.
[CrossRef]

136. Swinnen, S.P.; Young, D.E.; Walter, C.B.; Serrien, D.J. Control of asymmetrical bimanual movements. Exp. Brain Res. 1991, 85,
163–173. [CrossRef]

137. Bruchhage, M.M.; Bucci, M.-P.; Becker, E.B. Cerebellar involvement in autism and ADHD. In Handbook of Clinical Neurology;
Elsevier: Amsterdam, The Netherlands, 2018; Volume 155, pp. 61–72. [CrossRef]

138. Brown-Lum, M.; Zwicker, J.G. Brain Imaging Increases Our Understanding of Developmental Coordination Disorder: A Review
of Literature and Future Directions. Curr. Dev. Disord. Rep. 2015, 2, 131–140. [CrossRef]

139. Mackie, M.-A.; Fan, J. Reduced Efficiency and Capacity of Cognitive Control in Autism Spectrum Disorder. Autism Res. 2016, 9,
403–414. [CrossRef]

140. Johnson, C.N.; Ramphal, B.; Koe, E.; Raudales, A.; Goldsmith, J.; Margolis, A.E. Cognitive correlates of autism spectrum disorder
symptoms. Autism Res. 2021, 14, 2405–2411. [CrossRef]

141. Ribary, U.; Doesburg, S.M.; Ward, L.M. Unified principles of thalamo-cortical processing: The neural switch. Biomed. Eng. Lett.
2017, 7, 229–235. [CrossRef]

142. Zhou, H.-Y.; Cai, X.-L.; Weigl, M.; Bang, P.; Cheung, E.F.; Chan, R.C. Multisensory temporal binding window in autism spectrum
disorders and schizophrenia spectrum disorders: A systematic review and meta-analysis. Neurosci. Biobehav. Rev. 2018, 86, 66–76.
[CrossRef] [PubMed]

143. Lorsung, E.; Karthikeyan, R.; Cao, R. Biological Timing and Neurodevelopmental Disorders: A Role for Circadian Dysfunction in
Autism Spectrum Disorders. Front. Neurosci. 2021, 15, 642745. [CrossRef] [PubMed]

144. Black, J.E.; Jones, T.A.; Nelson, C.A.; Greenough, W.T. Neuronal plasticity and the developing brain. In Handbook of Child and
Adolescent Psychiatry; Wiley: Hoboken, NJ, USA, 1998; Volume 6, pp. 31–53.

145. Rakic, P. Specification of cerebral cortical areas. Science 1988, 241, 170–176. [CrossRef] [PubMed]
146. Leisman, G.; Mualem, R.; Mughrabi, S.K. The neurological development of the child with the educational enrichment in mind.

Psicol. Educ. 2015, 21, 79–96. [CrossRef]
147. Huttenlocher, P.R. Synaptogenesis in human cerebral cortex. In Human Behavior and the Developing Brain; Dawson, G., Fischer,

K.W., Eds.; The Guilford Press: New York, NY, USA, 1994; pp. 137–152.
148. Courchesne, E.; Chisum, H.; Townsend, J. Neural activity-dependent brain changes in development: Implications for psy-

chopathology. Dev. Psychopathol. 1994, 6, 697–722. [CrossRef]
149. Edelman, G.M. Neural Darwinism: The Theory of Neuronal Group Selection; Basic Books: New York, NY, USA, 1987.
150. Greenough, W.T. Experience effects on the developing and the mature brain: Dendritic branching and synaptogenesis. In Perinatal

Development: A Psychobiological Perspective; Academic Press: Cambridge, MA, USA, 1987; pp. 195–221.
151. Cicchetti, D. The impact of social experience on neurobiological systems: Illustration from a constructivist view of child

maltreatment. Cogn. Dev. 2002, 17, 1407–1428. [CrossRef]
152. Birch, H.; Belmont, I.; Karp, E. The Prolongation of Inhibition in Brain-Damaged Patients. Cortex 1965, 1, 397–409. [CrossRef]
153. Belmont, I.; Handler, A.; Karp, E. Delayed sensory motor processing following cerebral damage. II. A multisensory defect. J. Nerv.

Ment. Dis. 1972, 115, 345–349. [CrossRef]
154. Karp, E.; Belmont, I.; Birch, H.G. Delayed Sensory-Motor Processing Following Cerebral Damage. Cortex 1971, 7, 419–425.

[CrossRef]
155. Rutter, M.; Birch, H.G.; Thomas, A.; Chess, S. Temperamental Characteristics in Infancy and the Later Development of Behavioural

Disorders. Br. J. Psychiatry 1964, 110, 651–661. [CrossRef]
156. Birch, H.G.; Lefford, A. Visual Differentiation, Ntersensory Integration, and Voluntary Motor Control. Monogr. Soc. Res. Child Dev.

1967, 32, 1–87. [CrossRef] [PubMed]
157. Stephan, K.E.; Marshall, J.C.; Friston, K.J.; Rowe, J.B.; Ritzl, A.; Zilles, K.; Fink, G.R. Lateralized Cognitive Processes and

Lateralized Task Control in the Human Brain. Science 2003, 301, 384–386. [CrossRef] [PubMed]
158. Doron, K.W.; Gazzaniga, M.S. Neuroimaging techniques offer new perspectives on callosal transfer and interhemispheric

communication. Cortex 2008, 44, 1023–1029. [CrossRef]
159. Innocenti, G.M. Exuberant development of connections, and its possible permissive role in cortical evolution. Trends Neurosci.

1995, 18, 397–402. [CrossRef] [PubMed]

http://doi.org/10.4324/9781315782119-14
http://doi.org/10.1111/ejn.15562
http://www.ncbi.nlm.nih.gov/pubmed/34904290
http://doi.org/10.1016/j.gaitpost.2012.11.008
http://www.ncbi.nlm.nih.gov/pubmed/23266043
http://doi.org/10.1111/j.1749-6632.2002.tb07576.x
http://doi.org/10.1007/BF00229998
http://doi.org/10.1016/b978-0-444-64189-2.00004-4
http://doi.org/10.1007/s40474-015-0046-6
http://doi.org/10.1002/aur.1517
http://doi.org/10.1002/aur.2577
http://doi.org/10.1007/s13534-017-0033-4
http://doi.org/10.1016/j.neubiorev.2017.12.013
http://www.ncbi.nlm.nih.gov/pubmed/29317216
http://doi.org/10.3389/fnins.2021.642745
http://www.ncbi.nlm.nih.gov/pubmed/33776640
http://doi.org/10.1126/science.3291116
http://www.ncbi.nlm.nih.gov/pubmed/3291116
http://doi.org/10.1016/j.pse.2015.08.006
http://doi.org/10.1017/S0954579400004740
http://doi.org/10.1016/S0885-2014(02)00121-1
http://doi.org/10.1016/S0010-9452(65)80002-8
http://doi.org/10.1097/00005053-197211000-00006
http://doi.org/10.1016/S0010-9452(71)80034-5
http://doi.org/10.1192/bjp.110.468.651
http://doi.org/10.2307/1165792
http://www.ncbi.nlm.nih.gov/pubmed/5339915
http://doi.org/10.1126/science.1086025
http://www.ncbi.nlm.nih.gov/pubmed/12869765
http://doi.org/10.1016/j.cortex.2008.03.007
http://doi.org/10.1016/0166-2236(95)93936-R
http://www.ncbi.nlm.nih.gov/pubmed/7482805


Symmetry 2022, 14, 2689 21 of 23

160. Caminiti, R.; Ghaziri, H.; Galuske, R.; Hof, P.R.; Innocenti, G.M. Evolution amplified processing with temporally dispersed slow
neuronal connectivity in primates. Proc. Natl. Acad. Sci. USA 2009, 106, 19551–19556. [CrossRef]

161. Phillips, K.A.; Stimpson, C.D.; Smaers, J.B.; Raghanti, M.A.; Jacobs, B.; Popratiloff, A.; Hof, P.R.; Sherwood, C.C. The corpus
callosum in primates: Processing speed of axons and the evolution of hemispheric asymmetry. Proc. R. Soc. B Biol. Sci. 2015, 282,
20151535. [CrossRef]

162. Wegiel, J.; Kaczmarski, W.; Flory, M.; Martinez-Cerdeno, V.; Wisniewski, T.; Nowicki, K.; Kuchna, I.; Wegiel, J. Deficit of
corpus callosum axons, reduced axon diameter and decreased area are markers of abnormal development of interhemispheric
connections in autistic subjects. Acta Neuropathol. Commun. 2018, 6, 143. [CrossRef]

163. Yeh, C.; Chen, M.-H.; Chen, P.-H.; Lee, C.-L. Lateralization as a symphony: Joint influence of interhemispheric inhibition and
transmission on brain asymmetry and syntactic processing. Brain Lang. 2022, 228, 105095. [CrossRef]

164. Ringo, J.L.; Doty, R.W.; Demeter, S.; Simard, P.Y. Time Is of the Essence: A Conjecture that Hemispheric Specialization Arises from
Interhemispheric Conduction Delay. Cereb. Cortex 1994, 4, 331–343. [CrossRef]

165. Petkoski, S.; Jirsa, V.K. Transmission time delays organize the brain network synchronization. Philos. Trans. R. Soc. A Math. Phys.
Eng. Sci. 2019, 377, 20180132. [CrossRef]

166. Marchant, L.F.; McGrew, W.C. Laterality of limb function in wild chimpanzees of Gombe National Park: Comprehensive study of
spontaneous activities. J. Hum. Evol. 1996, 30, 427–443. [CrossRef]

167. Magat, M.; Brown, C. Laterality enhances cognition in Australian parrots. Proc. R. Soc. B Biol. Sci. 2009, 276, 4155–4162. [CrossRef]
[PubMed]

168. Labache, L.; Mazoyer, B.; Joliot, M.; Crivello, F.; Hesling, I.; Tzourio-Mazoyer, N. Typical and atypical language brain organization
based on intrinsic connectivity and multitask functional asymmetries. eLife 2020, 9, 58722. [CrossRef] [PubMed]

169. Iacoboni, M.; Ptito, A.; Weekes, N.Y.; Zaidel, E. Parallel visuomotor processing in the split brain: Cortico-subcortical interactions.
Brain 2000, 123, 759–769. [CrossRef]

170. Mooshagian, E.; Iacoboni, M.; Zaidel, E. Spatial attention and interhemispheric visuomotor integration in the absence of the
corpus callosum. Neuropsychologia 2009, 47, 933–937. [CrossRef]

171. Keary, C.J.; Minshew, N.J.; Bansal, R.; Goradia, D.; Fedorov, S.; Keshavan, M.S.; Hardan, A.Y. Corpus Callosum Volume and
Neurocognition in Autism. J. Autism Dev. Disord. 2009, 39, 834–841. [CrossRef]

172. Just, M.A.; Cherkassky, V.L.; Keller, T.A.; Minshew, N.J. Cortical activation and synchronization during sentence comprehension
in high-functioning autism: Evidence of under-connectivity. Brain 2004, 127, 1811–1821. [CrossRef]

173. Badaruddin, D.H.; Andrews, G.L.; Bölte, S.; Schilmoeller, K.J.; Schilmoeller, G.; Paul, L.; Brown, W.S. Social and Behavioral
Problems of Children with Agenesis of the Corpus Callosum. Child Psychiatry Hum. Dev. 2007, 38, 287–302. [CrossRef]

174. Paul, L.K.; Brown, W.S.; Adolphs, R.; Tyszka, J.M.; Richards, L.J.; Mukherjee, P.; Sherr, E.H. Agenesis of the corpus callosum:
Genetic, developmental and functional aspects of connectivity. Nat. Rev. Neurosci. 2007, 8, 287–299. [CrossRef]

175. Belmonte, M.K.; Cook, E.H., Jr.; Anderson, G.M.; Rubenstein, J.L.R.; Greenough, W.T.; Beckel-Mitchener, A.; Courchesne, E.;
Boulanger, L.M.; Powell, S.B.; Levitt, P.R.; et al. Autism as a disorder of neural information processing: Directions for research
and targets for therapy. Mol. Psychiatry 2004, 9, 646–663. [CrossRef]

176. Courchesne, E.; Pierce, K. Brain overgrowth in autism during a critical time in development: Implications for frontal pyramidal
neuron and interneuron development and connectivity. Int. J. Dev. Neurosci. 2005, 23, 153–170. [CrossRef] [PubMed]

177. Berg, E.A. Wisconsin card sort. J. Gen. Psychol. 1948, 39, 15–22. [CrossRef] [PubMed]
178. Borys, S.V.; Spitz, H.H.; Dorans, B.A. Tower of Hanoi performance of retarded young adults and nonretarded children as a

function of solution length and goal state. J. Exp. Child Psychol. 1982, 33, 87–110. [CrossRef] [PubMed]
179. Ozonoff, S.; Cook, I.; Coon, H.; Dawson, G.; Joseph, R.; Klin, A.; McMahon, W.M.; Minshew, N.; Munson, J.A.; Pennington,

B.F.; et al. Performance on Cambridge Neuropsychological Test Automated Battery Subtests Sensitive to Frontal Lobe Function
in People with Autistic Disorder: Evidence from the Collaborative Programs of Excellence in Autism Network. J. Autism Dev.
Disord. 2004, 34, 139–150. [CrossRef]

180. Rinehart, N.J.; Bradshaw, J.L.; Moss, S.A.; Brereton, A.V.; Tonge, B.J. A deficit in shifting attention present in high-functioning
autism but not Asperger’s disorder. Autism 2001, 5, 67–80. [CrossRef]

181. Luders, E.; Narr, K.; Zaidel, E.; Thompson, P.; Jancke, L.; Toga, A. Parasagittal Asymmetries of the Corpus Callosum. Cereb. Cortex
2005, 16, 346–354. [CrossRef]

182. Braun, C.M.; Achim, A.; Larocque, C. The evolution of the concept of interhemispheric relay time. In The Parallel Brain: The
Cognitive Neuroscience of the Corpus Callosum; Zaidel, E., Iacoboni, M., Eds.; MIT Press: Cambridge, MA, USA, 2003; pp. 237–258.

183. Saron, C.D.; Foxe, J.J.; Simpson, G.V.; Vaughan, H.G. Interhemispheric visuomotor activation: Spatiotemporal electrophysiology
related to reaction time. In The Parallel Brain: The Cognitive Neuroscience of the Corpus Callosum; Zaidel, E., Iacoboni, M., Eds.;
MIT Press: Cambridge, MA, USA, 2003; pp. 171–219.

184. Hofer, S.; Frahm, J. Topography of the human corpus callosum revisited—Comprehensive fiber tractography using diffusion
tensor magnetic resonance imaging. NeuroImage 2006, 32, 989–994. [CrossRef]

185. Andersen, R.A.; Buneo, C.A. Intentional Maps in Posterior Parietal Cortex. Annu. Rev. Neurosci. 2002, 25, 189–220. [CrossRef]
186. Meyer, B.-U.; Röricht, S.; Woiciechowsky, C. Topography of fibers in the human corpus callosum mediating interhemispheric

inhibition between the motor cortices. Ann. Neurol. 1998, 43, 360–369. [CrossRef]

http://doi.org/10.1073/pnas.0907655106
http://doi.org/10.1098/rspb.2015.1535
http://doi.org/10.1186/s40478-018-0645-7
http://doi.org/10.1016/j.bandl.2022.105095
http://doi.org/10.1093/cercor/4.4.331
http://doi.org/10.1098/rsta.2018.0132
http://doi.org/10.1006/jhev.1996.0036
http://doi.org/10.1098/rspb.2009.1397
http://www.ncbi.nlm.nih.gov/pubmed/19726480
http://doi.org/10.7554/eLife.58722
http://www.ncbi.nlm.nih.gov/pubmed/33064079
http://doi.org/10.1093/brain/123.4.759
http://doi.org/10.1016/j.neuropsychologia.2008.12.005
http://doi.org/10.1007/s10803-009-0689-4
http://doi.org/10.1093/brain/awh199
http://doi.org/10.1007/s10578-007-0065-6
http://doi.org/10.1038/nrn2107
http://doi.org/10.1038/sj.mp.4001499
http://doi.org/10.1016/j.ijdevneu.2005.01.003
http://www.ncbi.nlm.nih.gov/pubmed/15749242
http://doi.org/10.1080/00221309.1948.9918159
http://www.ncbi.nlm.nih.gov/pubmed/18889466
http://doi.org/10.1016/0022-0965(82)90008-X
http://www.ncbi.nlm.nih.gov/pubmed/7057138
http://doi.org/10.1023/B:JADD.0000022605.81989.cc
http://doi.org/10.1177/1362361301005001007
http://doi.org/10.1093/cercor/bhi112
http://doi.org/10.1016/j.neuroimage.2006.05.044
http://doi.org/10.1146/annurev.neuro.25.112701.142922
http://doi.org/10.1002/ana.410430314


Symmetry 2022, 14, 2689 22 of 23

187. Bentin, S.; Sahar, A.; Moscovitch, M. Intermanual information transfer in patients with lesions in the trunk of the corpus callosum.
Neuropsychologia 1984, 22, 601–611. [CrossRef]

188. Goodale, M.A.; Milner, A.D. Separate visual pathways for perception and action. Trends Neurosci. 1992, 15, 20–25. [CrossRef]
[PubMed]

189. Ghaziuddin, M.; Butler, E. Clumsiness in autism and Asperger syndrome: A further report. J. Intellect. Disabil. Res. 1998, 42,
43–48. [CrossRef] [PubMed]

190. Dawson, G.; Watling, R. Interventions to facilitate auditory, visual, and motor integration in autism: A review of the evidence. J.
Autism Dev. Disord. 2000, 30, 415–421. [CrossRef] [PubMed]

191. Greenspan, S.I.; Wieder, S. Developmental patterns and outcomes in infants and children with disorders in relating and
communicating: A chart review of 200 cases of children with autistic spectrum diagnoses. J. Dev. Learn. Disord. 1997, 1, 87–142.

192. Preis, J. The Effect of Picture Communication Symbols on the Verbal Comprehension of Commands by Young Children with
Autism. Focus Autism Other Dev. Disabil. 2006, 21, 194–208. [CrossRef]

193. Schultz, R.T. Developmental deficits in social perception in autism: The role of the amygdala and fusiform face area. Int. J. Dev.
Neurosci. 2005, 23, 125–141. [CrossRef]

194. Rinehart, N.J.; Bradshaw, J.L.; Brereton, A.V.; Tonge, B. Movement Preparation in High-Functioning Autism and Asperger
Disorder: A Serial Choice Reaction Time Task Involving Motor Reprogramming. J. Autism Dev. Disord. 2001, 31, 79–88. [CrossRef]

195. Baranek, G.T.; David, F.J.; Poe, M.D.; Stone, W.L.; Watson, L.R. Sensory Experiences Questionnaire: Discriminating sensory
features in young children with autism, developmental delays, and typical development. J. Child Psychol. Psychiatry 2005, 47,
591–601. [CrossRef]

196. Ozonoff, S.; Miller, J.N. An Exploration of Right-Hemisphere Contributions to the Pragmatic Impairments of Autism. Brain Lang.
1996, 52, 411–434. [CrossRef]

197. Floris, D.L.; Chura, L.R.; Holt, R.J.; Suckling, J.; Bullmore, E.T.; Baron-Cohen, S.; Spencer, M.D. Psychological Correlates of
Handedness and Corpus Callosum Asymmetry in Autism: The left Hemisphere Dysfunction Theory Revisited. J. Autism Dev.
Disord. 2012, 43, 1758–1772. [CrossRef]

198. Sabbagh, M.A. Communicative Intentions and Language: Evidence from Right-Hemisphere Damage and Autism. Brain Lang.
1999, 70, 29–69. [CrossRef] [PubMed]

199. Rutter, M. The development of infantile autism. Psychol. Med. 1974, 4, 147–163. [CrossRef] [PubMed]
200. Hammer, M.; Turkewitz, G. A sensory basis for the lateral difference in the newborn infant’s response to somesthetic stimulation.

J. Exp. Child Psychol. 1974, 18, 304–312. [CrossRef] [PubMed]
201. Hauser, S.L.; Delong, G.R.; Rosman, N.P. Pneumographic findings in the infantile autism syndrome. A correlation with temporal

lobe disease. Brain 1975, 98, 667–688. [CrossRef]
202. Colby, K.M.; Parkison, C. Handedness in autistic children. J. Autism Child. Schizophr. 1977, 7, 3–9. [CrossRef]
203. Reis, C.V.C.; Yagmurlu, K.; Elhadi, A.M.; Dru, A.; Lei, T.; Gusmão, S.N.S.; Tazinaffo, U.; Zabramski, J.M.; Spetzler, R.F.; Preul,

M.C. The Anterolateral Limit of the Occipital Lobe: An Anatomical and Imaging Study. J. Neurol. Surg. Part B Skull Base 2016, 77,
491–498. [CrossRef]

204. Hier, D.B.; LeMay, M.; Rosenberger, P.B. Autism and unfavorable left-right asymmetries of the brain. J. Autism Dev. Disord. 1979,
9, 153–159. [CrossRef]

205. Knaus, T.A.; Tager-Flusberg, H.; Mock, J.; Dauterive, R.; Foundas, A.L. Prefrontal and Occipital Asymmetry and Volume in Boys
with Autism Spectrum Disorder. Cogn. Behav. Neurol. 2012, 25, 186–194. [CrossRef]

206. Tsai, L.; Jacoby, C.G.; Stewart, M.A.; Beisler, J.M. Unfavourable Left-Right Asymmetries of the Brain and Autism: A Question of
Methodology. Br. J. Psychiatry 1982, 140, 312–319. [CrossRef]

207. Guadalupe, T.; Willems, R.M.; Zwiers, M.P.; Vasquez, A.A.; Hoogman, M.; Hagoort, P.; Fernandez, G.; Buitelaar, J.; Franke, B.;
Fisher, S.; et al. Differences in cerebral cortical anatomy of left- and right-handers. Front. Psychol. 2014, 5, 261. [CrossRef]

208. De Fossé, L.; Hodge, S.M.; Makris, N.; Kennedy, D.N.; Caviness, V.S., Jr.; McGrath, L.; Steele, S.; Ziegler, D.A.; Herbert, M.R.;
Frazier, J.A.; et al. Language-association cortex asymmetry in autism and specific language impairment. Ann. Neurol. 2004, 56,
757–766. [CrossRef] [PubMed]

209. Wei, L.; Zhong, S.; Nie, S.; Gong, G. Aberrant development of the asymmetry between hemispheric brain white matter networks
in autism spectrum disorder. Eur. Neuropsychopharmacol. 2018, 28, 48–62. [CrossRef] [PubMed]

210. Hardan, A.Y.; Pabalan, M.; Gupta, N.; Bansal, R.; Melhem, N.M.; Fedorov, S.; Keshavan, M.S.; Minshew, N.J. Corpus callosum
volume in children with autism. Psychiatry Res. Neuroimaging 2009, 174, 57–61. [CrossRef] [PubMed]

211. Bartha-Doering, L.; Kollndorfer, K.; Schwartz, E.; Fischmeister, F.P.; Alexopoulos, J.; Langs, G.; Prayer, D.; Kasprian, G.; Seidl, R.
The role of the corpus callosum in language network connectivity in children. Dev. Sci. 2020, 24, 13031. [CrossRef]

212. Valenti, M.; Pino, M.C.; Mazza, M.; Panzarino, G.; Di Paolantonio, C.; Verrotti, A. Abnormal Structural and Functional Connectivity
of the Corpus Callosum in Autism Spectrum Disorders: A Review. Rev. J. Autism Dev. Disord. 2019, 7, 46–62. [CrossRef]

213. Hinkley, L.B.; Marco, E.J.; Brown, E.; Bukshpun, P.; Gold, J.; Hill, S.; Findlay, A.M.; Jeremy, R.J.; Wakahiro, M.L.; Barkovich,
A.J.; et al. The Contribution of the Corpus Callosum to Language Lateralization. J. Neurosci. 2016, 36, 4522–4533. [CrossRef]

214. Cermak, C.A.; Arshinoff, S.; de Oliveira, L.R.; Tendera, A.; Beal, D.S.; Brian, J.; Anagnostou, E.; Sanjeevan, T. Brain and Language
Associations in Autism Spectrum Disorder: A Scoping Review. J. Autism Dev. Disord. 2022, 52, 725–737. [CrossRef]

http://doi.org/10.1016/0028-3932(84)90024-1
http://doi.org/10.1016/0166-2236(92)90344-8
http://www.ncbi.nlm.nih.gov/pubmed/1374953
http://doi.org/10.1046/j.1365-2788.1998.00065.x
http://www.ncbi.nlm.nih.gov/pubmed/9534114
http://doi.org/10.1023/A:1005547422749
http://www.ncbi.nlm.nih.gov/pubmed/11098877
http://doi.org/10.1177/10883576060210040101
http://doi.org/10.1016/j.ijdevneu.2004.12.012
http://doi.org/10.1023/A:1005617831035
http://doi.org/10.1111/j.1469-7610.2005.01546.x
http://doi.org/10.1006/brln.1996.0022
http://doi.org/10.1007/s10803-012-1720-8
http://doi.org/10.1006/brln.1999.2139
http://www.ncbi.nlm.nih.gov/pubmed/10534371
http://doi.org/10.1017/S0033291700041982
http://www.ncbi.nlm.nih.gov/pubmed/4597904
http://doi.org/10.1016/0022-0965(74)90110-6
http://www.ncbi.nlm.nih.gov/pubmed/4427098
http://doi.org/10.1093/brain/98.4.667
http://doi.org/10.1007/BF01531110
http://doi.org/10.1055/s-0036-1584093
http://doi.org/10.1007/BF01531531
http://doi.org/10.1097/WNN.0b013e318280e154
http://doi.org/10.1192/bjp.140.3.312
http://doi.org/10.3389/fpsyg.2014.00261
http://doi.org/10.1002/ana.20275
http://www.ncbi.nlm.nih.gov/pubmed/15478219
http://doi.org/10.1016/j.euroneuro.2017.11.018
http://www.ncbi.nlm.nih.gov/pubmed/29224969
http://doi.org/10.1016/j.pscychresns.2009.03.005
http://www.ncbi.nlm.nih.gov/pubmed/19781917
http://doi.org/10.1111/desc.13031
http://doi.org/10.1007/s40489-019-00176-9
http://doi.org/10.1523/JNEUROSCI.3850-14.2016
http://doi.org/10.1007/s10803-021-04975-0


Symmetry 2022, 14, 2689 23 of 23

215. Preslar, J.; Kushner, H.I.; Marino, L.; Pearce, B. Autism, lateralisation, and handedness: A review of the literature and meta-analysis.
Laterality Asymmetries Body Brain Cogn. 2014, 19, 64–95. [CrossRef]

216. Kim, S.-Y.; Choi, U.-S.; Park, S.-Y.; Oh, S.-H.; Yoon, H.-W.; Koh, Y.-J.; Im, W.-Y.; Park, J.-I.; Song, D.-H.; Cheon, K.-A.; et al.
Abnormal Activation of the Social Brain Network in Children with Autism Spectrum Disorder: An fMRI Study. Psychiatry Investig.
2015, 12, 37–45. [CrossRef]

217. Baldessarini, R.J.; Tondo, L. Suicide risk and treatments for patients with bipolar disorder. JAMA 2003, 290, 1517–1519. [CrossRef]
218. Baron-Cohen, S. Does Autism Occur More Often in Families of Physicists, Engineers, and Mathematicians? Autism 1998, 2,

296–301. [CrossRef]
219. McGilchrist, I. The Master and His Emissary: The Divided Brain and the Making of the Western World; Yale University Press: London,

UK, 2019.
220. Brandler, W.M.; Morris, A.P.; Evans, D.M.; Scerri, T.S.; Kemp, J.P.; Timpson, N.J.; Pourcain, B.S.; Smith, G.D.; Ring, S.M.; Stein,

J.; et al. Common Variants in Left/Right Asymmetry Genes and Pathways Are Associated with Relative Hand Skill. PLOS Genet.
2013, 9, e1003751. [CrossRef] [PubMed]

221. Brandler, W.M.; Paracchini, S. The genetic relationship between handedness and neurodevelopmental disorders. Trends Mol. Med.
2014, 20, 83–90. [CrossRef] [PubMed]

222. Markham, J.A.; Greenough, W.T. Experience-driven brain plasticity: Beyond the synapse. Neuron Glia Biol. 2004, 1, 351–363.
[CrossRef] [PubMed]

223. Ullén, F. Is activity regulation of late myelination a plastic mechanism in the human nervous system? Neuron Glia Biol. 2009, 5,
29–34. [CrossRef]

224. Juraska, J.M.; Kopcik, J.R. Sex and environmental influences on the size and ultrastructure of the rat corpus callosum. Brain Res.
1988, 450, 1–8. [CrossRef]

225. Sánchez, M.; Hearn, E.F.; Do, D.; Rilling, J.K.; Herndon, J.G. Differential rearing affects corpus callosum size and cognitive
function of rhesus monkeys. Brain Res. 1998, 812, 38–49. [CrossRef]

226. Bengtsson, S.; Nagy, Z.; Skare, S.; Forsman, L.; Forssberg, H.; Ullén, F. Extensive piano practicing has regionally specific effects on
white matter development. Nat. Neurosci. 2005, 8, 1148–1150. [CrossRef]

227. Markham, J.A.; Herting, M.M.; Luszpak, A.E.; Juraska, J.M.; Greenough, W.T. Myelination of the corpus callosum in male and
female rats following complex environment housing during adulthood. Brain Res. 2009, 1288, 9–17. [CrossRef]

228. Yang, E.J.; Wilczynski, W. Social experience organizes parallel networks in sensory and limbic forebrain. Dev. Neurobiol. 2007, 67,
285–303. [CrossRef]

http://doi.org/10.1080/1357650X.2013.772621
http://doi.org/10.4306/pi.2015.12.1.37
http://doi.org/10.1001/jama.290.11.1517
http://doi.org/10.1177/1362361398023008
http://doi.org/10.1371/journal.pgen.1003751
http://www.ncbi.nlm.nih.gov/pubmed/24068947
http://doi.org/10.1016/j.molmed.2013.10.008
http://www.ncbi.nlm.nih.gov/pubmed/24275328
http://doi.org/10.1017/S1740925X05000219
http://www.ncbi.nlm.nih.gov/pubmed/16921405
http://doi.org/10.1017/S1740925X09990330
http://doi.org/10.1016/0006-8993(88)91538-7
http://doi.org/10.1016/S0006-8993(98)00857-9
http://doi.org/10.1038/nn1516
http://doi.org/10.1016/j.brainres.2009.06.087
http://doi.org/10.1002/dneu.20347

	Introduction 
	Is Hemispheric Lateralization Uniquely Human? 
	Ancestral Origins of Hemispheric Lateralization 
	Genetic and Environmental Contributions to the Development of Human Brain Asymmetry 

	Evolution in the Context of ASD 
	Evolutionary Advantages of Human Accelerated Genomic Regions in ASD 
	The Functionality of Half a Cortex at a Time 
	Dancing Asymmetrically: Timing of Asymmetry and Lateralization 

	Asymmetrical Brain Development in Autism Spectrum Disorders 
	The Corpus Callosum Supporting Integrated Symmetric Behavior and Efficiencies of Timing in an Asymmetric System 
	Cerebral Connectivity and the Corpus Callosum in ASD 
	Corpus Callosum Asymmetry 
	Cerebral Asymmetry in Autism 
	Environmental Influences on Synaptogenesis and the Corpus Callosum in General and on Asymmetry in ASD in Particular 

	Conclusions 
	References

