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A B S T R A C T   

The prefrontal cortex is included in a neuronal system that includes the basal ganglia, the thalamus, and the 
cerebellum. Most of the higher and more complex motor, cognitive, and emotional behavioral functions are 
thought to be found primarily in the frontal lobes. Insufficient connectivity between the medial prefrontal cortex 
(mPFC) and other regions of the brain that are distant from each other involved in top-down information pro-
cessing rely on the global integration of data from multiple input sources and enhance low level perception 
processes (bottom-up information processing). The reduced deactivation in mPFC and in the rest of the Default 
Network during global task processing is consistent with the integrative modulatory role served by the mPFC. We 
stress the importance of understanding the degree to which sensory and movement anomalies in individuals with 
autism spectrum disorder (ASD) can contribute to social impairment. Further investigation on the neurobio-
logical basis of sensory symptoms and its relationship to other clinical features found in ASD is required 
Treatment perhaps should not be first behaviorally based but rather based on facilitating sensory motor 
development.   

1. Introduction 

The prefrontal cortex is included in a neuronal system that includes 
the basal ganglia, thalamus and cerebellum (Melillo and Leisman, 
2010). Most of the higher and more complex motor, cognitive, and 
emotional behavioral functions are thought to be found primarily in the 
frontal lobes (Melillo and Leisman, 2010). 

There exists a direct and equal relationship between motor and non- 
motor deficits of the frontal lobe in Autistic Spectrum Disorders (ASD) 
(Hampson and Blatt, 2015; D’Mello and Stoodley, 2015). The degree of 
cognitive or behavioral dysfunction correlates directly to an individual’s 
motor dysfunction. Therefore, it is postulated that in patients with 
diffuse prefrontal dysfunction, the inability to inhibit movements to 
simple external stimuli may correlate with the inability to inhibit com-
plex social behaviors in response to complex internal stimuli (Mahone 
et al., 2006; Fernández et al., 2019). If this correlation is accurate, then a 
motor dysfunction could result in cognitive and emotional dysfunction 
and vice versa. This also has powerful therapeutic implications because 
it should follow that improved sensory-motor function should result in 

improved cognitive and behavioral function of the frontal lobe. 
With the relationship between cognitive and motor function related 

to the prefrontal regions in ASD, there exists an overlap of cognitive and 
motor symptoms. This relationship is based on the articulation of cere-
bellum, basal ganglia, and frontal lobes, which are areas of the brain 
recognized to control motor and nonmotor intentional and executive 
function (Hampson and Blatt, 2015; D’Mello and Stoodley, 2015; 
Fernández et. al, 2019). Most developmental disabilities including ASD 
have as their most common symptom, motor incoordination or clumsi-
ness, especially of posture and gait. Impulse control, either inhibited or 
facilitated, and judgment disorders can all be attributed to dysfunction 
of this network and its control of motor and nonmotor behavior 
(Ketcheson et al., 2021; Su et al., 2022). This spectrum of disorders all 
involve disruption primarily to what is known as executive functions 
which are functions attributed to the frontal lobe. Striatal neurons may 
be involved with gating incoming sensory input to higher motor areas 
such as the intralaminar thalamic nuclei and premotor cortex that arise 
from several modalities to coordinate behavioral responses (Groene-
wegen et al., 2016; Haber, 2017). These varied modalities may lead to 
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the perception of sensation resulting in motor response. The basal 
ganglia, like the cerebellum, is functionally connected to the premotor 
and motor cortices as well as to the prefrontal cortex (Mei et al., 2022). 

The frontal lobe is united by five subcortical circuits represented in  
Fig. 1 (the frontal eye fields; dorsolateral, prefrontal, orbito-frontal and 
anterior cingulate cortices as well as the supplementary motor area;) 
with the globus pallidus, thalamus, and striatum, in functional systems 
that mediate executive functions, saccadic eye movements, volitional 
motor activity, social behavior and motivation. The necessary compo-
nents for optimized executive function include the striatum, providing 
support for motivation; the amygdala adding emotional support; and the 
thalamus providing the capacity for the integration of sensory input – all 
under the direction of the prefrontal regions of the brain. In the basal 
ganglia -prefrontal circuits there are two primary loos The direct and 
indirect pathways usually maintain a dynamic balance. The direct 
pathway activates motor activity, motivation, saccadic eye movement, 
executive function and social behavior. The indirect pathway inhibits 
these functions. If there is too much influence of the direct pathway 
hyperkinetic behaviors, tics, manic behavior, inappropriate or social 
behaviors, and/or saccadic dysmetria may result. If there is excessive 
indirect pathway activity hypokinetic behavior may result. To help 
maintain this dynamic balance is the hyperdirect pathway which has 
two parts, the premotor area (Brodmann Areas (BA) 6, 8) only on the 
right hemisphere activates the indirect pathway and projects directly to 
the subthalamic nucleus to control unwanted motor behaviors. The 
second pathway of the hyperdirect pathway arises from the right inferior 
frontal gyrus, (BA 44, 45, 47) and activates the indirect and subthalamic 
nucleus to inhibit limbic, cognitive, and associative functions. Loss of 
this dynamic balance can explain most of the symptoms witnessed in 
ASD along with a right hemisphere deficit. (Melillo and Leisman, 2010). 

The right hemisphere develops first in the uterus and for the first 
three years is highly influenced by early motor activity. If there is any 
altered, delayed, or abnormal motor development such as retained 
primitive reflexes, low muscle tone, skipped or severely delayed motor 
milestones this would be a main influence on underdevelopment of the 
right hemisphere and the indirect pathway. In ASD, the various regions 
under the control of prefrontal areas are not effectively synchronized 
with each other. Support for this notion is provided from studies of brain 
structure and the electrophysiology of its function, animal models and 
clinical studies of ASD individuals. Additional support is provided from 

postmortem data, structural analysis of the cortex, and the nature of 
neuronal connectivities (Melillo and Leisman, 2010). 

We will be building on our previous work on the nature of functional 
connectivities in those with ASD, in particular the nature of weak long 
range connectivities. We also support this contention on the basis of the 
findings that ASD individuals demonstrate exceptional performance in 
detail processing; but simultaneously demonstrate impairment of mo-
tion perception, face processing and sustained visual attention besides 
the core social deficits. Increasing evidence supports the thinking that 
ASD individuals’ core deficits are associated with deficits in functional 
connectivities within and between distributed cortical networks that 
reflect an orchestra playing without an effective conductor. 

As previously stated, the frontal lobe is united by five subcortical 
circuits represented in Fig. 1 for behavioral sequalae (the frontal eye 
fields; dorsolateral, prefrontal, orbito-frontal and anterior cingulate 
cortices as well as the supplementary motor area) with the globus pal-
lidus, thalamus, and striatum, in functional systems that mediate exec-
utive functions, saccadic eye movements, volitional motor activity, 
social behavior and motivation (Riveros et al., 2019). The basal 
ganglia-prefrontal circuits are represented in Fig. 2. The necessary 
components for optimized executive function include the striatum, 
providing support for motivation; the amygdala adding emotional sup-
port and the thalamus, providing the capacity for the integration of 
sensory input – all under the direction of the prefrontal regions of the 
brain (Rosch and Mostofsky, 2019). 

In the basal ganglia-prefrontal circuits there exist two primary loops, 
as represented in Fig. 2. The direct and indirect pathways usually 
maintain a dynamic balance. The direct pathway activates motor ac-
tivity, motivation, saccadic eye movement, executive function and social 
behavior. The indirect pathway inhibits these functions. If there is too 
much influence of the direct pathway hyperkinetic behaviors, tics, 
manic behavior, inappropriate or social behaviors, and/or saccadic 
dysmetria may result. If there is excessive indirect pathway activity 
hypokinetic behavior may result. Therefore, effective behavioral func-
tion is a direct consequence of the brain’s ability to integrate and time or 
simply balance multiple functions especially as they relate to cognitive- 
motor behavior (Melillo and Leisman, 2010; Leisman et al., 2022). 

To help maintain this dynamic balance is the hyperdirect pathway 
which has two parts, the premotor area (Brodmann 6, 8) only on the 
right hemisphere that activates the indirect pathway and projects 

Fig. 1. Frontal subcortical connectivities related to common neurobehavioral sequelae.  
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directly to the subthalamic nucleus to control unwanted motor behav-
iors. The areas of Brodmann are represented in Fig. 3. The second 
pathway of the hyperdirect pathway arises from the right inferior frontal 
gyrus (BA 44, 45, 47), activates the indirect and subthalamic nucleus to 
inhibit limbic, cognitive, and associative functions. Loss of this dynamic 
balance can explain most of the symptoms witnessed in ASD along with a 
right hemisphere deficit (Leisman and Melillo, 2022b). The right 
hemisphere develops first in utero and for the first three years is highly 
influenced by early motor activity. If there is any altered, delayed, or 
abnormal motor development such as retained primitive reflexes, low 
muscle tone, skipped or severely delayed motor milestones this would be 
a main influence on the underdevelopment of the right hemisphere and 
the indirect pathway. In autistic spectrum disorder, the various regions 
under the control of prefrontal areas are not effectively synchronized 
with each other. Support for this notion is provided from studies of brain 
structure and the electrophysiology of its function, animal models and 
clinical studies of ASD individuals. Additional support is provided from 
postmortem data, structural analysis of the cortex, and the nature of 
neuronal connectivities. 

2. Brain asymmetries and movement timing in ASD 

2.1. Basis for asymmetric brain organization in cognitive-motor 
interaction 

For movement coordination to be effective, bilateral movements 
require limbs to produce efficient and optimized gait. Symmetrical gait’s 
effectiveness is a direct function of timing in the motor system associ-
ated, in part, with the effective functioning of the inferior olive and the 
cerebellum (De Sanctis et al., 2021; Shimada et al., 2013). The impor-
tance of the cerebellum in this context is its ability to adjust muscle tone 
in involuntary and voluntary movement through the descending motor 
pathways that are articulated with the frontal lobes. The timing signal is 
metronomic permitting the motor system to connect movement 
temporally and spatially (Ivry et al., 2002). If there was no such timing 
signal, then there would exist a significantly greater likelihood of un-
coordinated movement. The mechanism that allows for timing the co-
ordination of movement should also be equal bilaterally. 

The timing signal generated by the “clock” needs to be distributed 

symmetrically in the motor system otherwise aysmmetric movements 
might be generated which are not infrequently observed in develop-
mental disabilities associated with asymmetric development or in 
developmental or adult-onset cerebellar damage (Swinnen et al., 1993; 
Morishita et al., 2022). ASD as well as numerous other developmental 
disorders and what used to be called developmental coordination dis-
order (DSD) have been described as cerebellar-based developmental 
functional and anatomical deficits (Bruchhage et al., 2018; Brown-Lum 
and Zwicker, 2015). However, beyond the requirement for sensory and 
motor control, cognitive, behavioral and information processing func-
tions necessitate brain asymmetry. A critical function of the human 
brain is the necessity for speed of response. For self-preservation, it is 
essential for the brain to function speedily. Redundancy is the nemesis of 
speed and efficiency in the human nervous system. Brain centers become 
deoptimized when multiple regions perform the same function. It is far 
more effective to have a distinct area on one side of the brain and an 
additional control region on the contralateral side, where on occasion 
they can cooperate and at times inhibit each other to minimize inter-
ference. In addition to increases in speed, accuracy and efficiency, the 
bicameral brain function enhances the brain’s ability to accomplish 
more highly specialized tasks that are associated with complex brains 
asymmetry (Güntürkün et al., 2020). 

2.2. Brain asymmetry and complexity 

There exist two primary components in complexity theory, one of 
which being: a) differentiation. For a complex system to adequately 
function, diversity is a necessity (Merker et al., 2022). By definition, 
systems consisting of various nodes and regions controlling specialized 
activities are complex. With hemispheric function performing related 
tasks, but in different and specialized ways, there exists a requirement 
for a more complex brain. In comparison to other species, humans 
possess the most asymmetric as well as the most complex brains with a 
concomitant complexity of behavior. In ASD and well as with other 
developmental disabilities brain immaturity may be observed that is 
alternatively less capable of behavioral complexity or demonstrating 
behaviors that are less efficient in cognitive capacity (Mackie and Fan, 
2016). On the other hand, skill disparity may be observed that is char-
acteristic of individuals with developmental disabilities (Johnson et al., 

Fig. 2. Schematic of the direct vs. indirect basal ganglia 
pathways indicating inhibitory vs. facilitatory components 
of motor activity. Input from the cerebral cortex to the 
striatum, in the direct pathway, is related to the activation 
of striatal inhibitory neurons. This subsequently is associ-
ated with increases in inhibitory output that in turn pro-
jects to the globus pallidus-internal [GPi]. Subsequently, 
decreased inhibitory output from GPi to the ventral ante-
rior [VA] and ventral lateral [VL] thalamic nuclei is evi-
denced. This, in turn, projects to the premotor cortex 
through excitatory pathways. Motor and premotor cortical 
excitation that is involved in planning and movement 
initiation is regulated by the direct pathway. When 
appropriately functioning, the indirect pathway inhibits 
movement when excitatory activity that is cortically 
generated activates inhibitory neurons in globus pallidus 
external [GPe]. These, as a result inhibit tonic inhibitory 
output neurons, are associated with decreased tonic inhi-
bition of the subthalamic nucleus [STN], that results in 
increased excitatory output to GPi. Excitatory input to GPi 
adds inhibitory output from GPi to the thalamus. This, in 
turn, diminishes excitatory feedback to the cerebral cortex 
which, under normal circumstances, should lead to motor 
inhibition. The hyperdirect pathway is an exception as the 
striatum is circumvented with a direct link from the cortex 
to the subthalamic nucleus, directing excitatory projections 
to the GPi. The hyperdirect pathway is essential in con-

straining non-purposeful movement. When the system is impaired, individuals are less able to inhibit unplanned motor activity (from Leisman and Melillo, 2022).   
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2021). An additional feature of complex systems is b) integration. When 
specialization and differentiation exist, we can readily observe reduced 
complexity and rigidity of behavior. In a highly specialized and complex 
system, the function must be integrated efficiently so as to generate 
behavioral complexity. As with motor-binding mechanisms in the motor 
system, we also generate timing signals in the brain that support 
cognitive-binding, initiated by the thalamocortical system (Ribary et al., 
2019; Zhou et al., 2018). This timing signal subserves the 
context-permitting binding in time and space and from instant to instant 
for numerous dedicated brain regions. If this timing mechanism is 
asymmetric or slow as opposed to being symmetric, that mechanism 
could very well inhibit the binding and integration of isolated or distant 
brain areas resulting in the interference with complex behavior (Lorsung 
et al., 2021). When there exists a deficit in specialized and complex 
systems “chaos” is likely to result. 

2.3. The corpus callosum supporting integrated symmetric behavior and 
efficiencies of timing in an asymmetric system 

It has been well established that sensory function in humans is 
significantly asymmetric, observable as right-sided sensory input and 
bilateral motor output. To be able to evoke a cohesive motor response, 

bi-hemispheric input must be integrated (Stephan et al., 2003). The 
corpus callosum (CC) is significantly involved in complex cognitive and 
well as in motor activity and in the development of specialization of 
brain regions (Doron and Gazzaniga, 2008). In general, the literature 
supports the notion that a significant relationship exists between 
increased interhemispheric transfer time and CC connectivities in in-
dividuals with a congenital absence of the CC and in split-brain in-
dividuals (Iacoboni et al., 2000; Mooshagian et al., 2009). In this context 
it should be noted that ASD individuals reportedly demonstrate signif-
icantly increased interhemispheric transfer times and reduced inter-
hemispheric coherence (Keary et al., 2009). For a more expansive 
discussion on this topic see Leisman et al. (2022). 

2.4. Cerebral connectivity and the corpus callosum in ASD 

The CC has been depicted, as a broad and thick axonal tract con-
sisting of fiber bundles beneath the cerebral cortex that conjoins the left 
and right hemispheres of the brain. Its major function is to sustain the 
effectiveness of inter-hemispheric communication. Those with ASD have 
been reported to demonstrate a smaller CC which in turn is reflective of 
neural underconnectivity and reductions in the synchronization patterns 
between brain regions (Just et al., 2004). Clinical and case studies of 
agenesis of the CC validate the relationship with impaired social func-
tioning also found in ASD (Badaruddin et al., 2007; Paul et al., 2007). 

In endeavoring to describe further why it is that these clinical ob-
servations exist, Belmonte et al. (2004)) and Courchesne and Pierce 
(2005) indicated that in ASD the primary deficits are related to reduced 
long-range and local over-connectivities between numerous brain sys-
tems and the frontal lobes. Superficial white matter tracts associated 
with CC volume and cortico-cortical fibers are reduced. When consid-
ering the aforementioned in addition to the cerebral white matter and 
vermis size one is able to discriminate 95% of ASD toddlers and young 
children from neurotypical children, as well as being able to predict 
developmental outcome to a significantly high degree (Bolduc et al., 
2012; Dickinson et al., 2021; Leisman et al., 2022). 

It has been known for some time that individuals with ASD have 
reportedly demonstrated fronto-striatal system dysfunction that relates 
to social, emotional, and cognitive behavior. These findings have been 
based on studies of Tower of Hanoi-type tasks, (Borys et al., 1982) 
Wisconsin Card Sorting tests (Landry and Al-Taie, 2016) and the results 
of scores on the Cambridge Neuropsychological Test Automated Battery 
test of frontal lobe function (Ozonoff et al., 2004; Lin et al., 2019; Seng 
et al., 2021). Although the reasons for the performance deficits on the 
tasks in ASD are not known, it has been suggested that atypical right 
frontostriatal networks are causally related to executive function and 
information integration deficits (Rinehart et al., 2001; Del Casale et al., 
2022). 

Luders et al. (2006) found significantly greater lateralization of the 
right anterior CC, the area that projects to right-handed males motor 
cortices. These investigators had found a greater left lateralization for 
motor tasks in right-handed individuals. These investigators had found 
that a stronger left lateralization exists for motor functions in 
right-handed individuals that was related to reduced fiber connections 
in the left hemisphere. Braun et al. (2003) as well as Saron et al. (2003) 
suggested on the basis of their consistent findings that there exist greater 
efficiencies from right to left hemispheres through the CC in neuro-
typical individuals with those efficiencies not noted in ASD individuals. 
Similar conclusions have been found by others (Valenti et al., 2020; 
Loomba et al., 2021). While this does not necessarily indicate dysfunc-
tion it may well be reflective of a hypothesized decreased optimized 
distribution of commissural connectivities. 

While many investigators have concluded that the CC is highly 
associated with ASD, little attention has been paid to asymmetry. It is 
understood that the anterior CC midbody projects to the primary motor 
cortex (Hofer and Frahm, 2006), and from the posterior midbody of the 
CC to the posterior parietal cortex. We know that this region is highly 

Fig. 3. Areas of Brodmann. Cerebral Cortical cytoarchitecture relate to the 
frontal lobes according to Brodmann. Areas 1, 2 and 3 - Primary Somatosensory 
Cortex, Area 4 - Primary Motor Cortex, Area 5 - Somatosensory Association 
Cortex, Area 6 - Pre-Motor and Supplementary Motor Cortex (Secondary Motor 
Cortex), Area 7 - Somatosensory Association Cortex, Area 8 - includes Frontal 
eye fields, Area 9 - Dorsolateral prefrontal cortex, Area 10 – Fronto-polar area 
(most rostral part of superior and middle frontal gyri), Area 11 – Orbitofrontal 
area (orbital and rectus gyri, plus part of the rostral part of the superior frontal 
gyrus) Area 12 – Orbitofrontal area (used to be part of BA11, refers to the area 
between the superior frontal gyrus and the inferior rostral sulcus), Area 13 and 
Area 14 - Insular cortex, Area 15 - Anterior Temporal Lobe, Area 17 - Primary 
Visual Cortex (V1), Area 18 - Visual Association Cortex (V2), Area 19 – (V3), 
Area 20 - Inferior Temporal gyrus Area 21 - Middle Temporal gyrus, Area 22 - 
Superior Temporal Gyrus, of which the rostral part participates to Wernicke’s 
area, Area 23 - Ventral Posterior cingulate cortex, Area 24 - Ventral Anterior 
cingulate cortex, Area 25 – Sub-genual cortex, Area 26 – Ecto-splenial area, 
Area 28 - Posterior Entorhinal Cortex, Area 29 – Retro-splenial cingular cortex, 
Area 30 - Part of cingular cortex, Area 31 - Dorsal Posterior cingular cortex, 
Area 32 - Dorsal anterior cingulate cortex, Area 34 - Anterior Entorhinal Cortex 
(on the Para-hippocampal gyrus), Area 35 – Peri-rhinal cortex (on the Para- 
hippocampal gyrus), Area 36 – Para-hippocampal cortex (on the Para- 
hippocampal gyrus), Area 37 - Fusiform gyrus, Area 38 – Temporo-polar area 
(most rostral part of the superior and middle temporal gyri, Area 39 - Angular 
gyrus, part of Wernicke’s area, Area 40 – Supra-marginal gyrus part of Wer-
nicke’s area, Areas 41 and 42 - Primary and Auditory Association Cortex, Area 
43 – Sub-central area (between insula and post/pre-central gyrus), Area 44 - 
pars opercularis, part of Broca’s area, Area 45 - pars triangularis Broca’s area, 
Area 46 - Dorsolateral prefrontal cortex, Area 47 - Inferior prefrontal gyrus, 
Area 48 – Retro-subicular area (a small part of the medial surface of the tem-
poral lobe), Area 52 – Para-insular area (at the junction of the temporal lobe 
and the insula) (Adapted from Leisman and Melillo, 2011). 
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interconnected to numerous brain regions with its function being to 
integrate sensory and motor input from visual and somatic regions 
(Andersen and Buneo, 2002; Ughwanogho et al., 2022). These systems, 
when integrated, have connectivities supporting behavioral responsivity 
to the environment, in general, and sensory-guided movement planning. 

Myer and associates (1998) a while back had already noted motor 
incoordination and deficits in tactile information processing in in-
dividuals with mid- or posterior-CC lesions. These findings have been 
more recently confirmed by others (Shah et al., 2021; Habata et al., 
2021; Kilroy et al., 2022). Difficulties in the performance of sequential 
motor behavior as well as in eye-hand coordination in grasping tasks 
have been reported in individuals with posterior parieto-cortical (PPC) 
lesions (Goodale and Milner, 1992; Galletti et al., 2022). There exist 
numerous behaviors in individuals with ASD associated with atypical 
asymmetry that are reminiscent of the consequences of anterior mid-
body parietal lesions where motor inefficiencies are evidenced (Gha-
ziuddin and Butler, 1998; Randerath et al., 2017) impairments in fine 
motor skills (Oh et al., 2019; Dawson and Watling, 2000) motor plan-
ning and sequencing deficits (Greenspan et al., 1997; Bhoyroo et al., 
2020) agency, (Mayer et al., 2020) and difficulties in responding to 
spoken language (Geranmayeh et al., 2012; Coslett and Schwartz, 2018). 
The posterior parietal cortex is involved in eye movement planning and 
fields of adversion, eye contact and attention in ASD may be related to 
the control by this brain region as well (Talanow et al., 2020). 

Various right asymmetric areas of the CC (e. g. the rostral body, 
posterior midbody, and the splenium) have reportedly been linked with 
increased symptom severity in ASD. The reason is that the splenium 
projects to the inferior temporal and occipital lobes for face and object 
processing (van der Knaap et al., 2011; Lochy et al., 2019). Schultz 
(2005) had observed significantly reduced activity in the fusiform face 
area (FFA) and coincident elevated activity in the inferior temporal 
gyrus in ASD individuals during face processing. Associated with diffi-
culties in social interaction in individuals with ASD, is the concomitant 
difficulty in facial recognition. This could, in part, explain why dis-
tinctions in the splenium between neurotypical and ASD 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 (Rinehart et al., 2021; Valenti 
et al., 2020; Loomba et al., 2021) where abnormal lateralized frontal 
circuits provide a basis for the dysfunction in social and higher cognitive 
functions that also include social behavior. Increased asymmetry of the 
right posterior CC midbody is associated with significantly greater 
severity of symptoms which, is in turn, associated with the integration of 
sensory-motor input. In ASD, there exists an association with hypo- or 
hyper-sensory processing disorders that also are associated with repet-
itive and stereotypical behaviors (Baranek et al., 2006; Demopoulos 
et al., 2015). There exists a consistent understanding that indicates that 
underconnectivity and rightward cortical asymmetry interfere with the 
planning of movement, generate a resultant stereotypy in motor activity, 
can affect the control of eye movements, and disrupt effective face 
recognition in individuals with ASD. 

Without arguing for either left or right hemisphere differences be-
tween neurotypical and individuals with ASD, there is sufficient evi-
dence, for now already over forty years, that the essential difficulty may 
not be a function of lateralization but rather a functional independence 
of interhemispheric communication or a lack of asymmetry (for a more 
in-depth discussion, see Leisman et al., 2022). 

3. Frontal streams in motor and sensory function in ASD 

3.1. Sensory motor interaction deficits in ASD implicate the frontal lobes 

In individuals with ASD there is reportedly a dysfunctioning mirror 
neuron system (Hadoush et al., 2019; Salimova, 2022). While the system 
is involved in motor planning it employs processes that are akin to the 
mechanisms whereby movements can be implicitly recognized. Such a 

system allows an individual the capacity to extract meaning or intention 
and emotion. These activities are reflected in the mu rhythm of the 
electroencephalogram. The sensorimotor mu rhythm consists of syn-
chronized patterns of electrical activity in brain regions controlling 
voluntary movement (Amzica and Lopes da Silva, 2011). These patterns, 
as measured by EEG, are generated at between 7.5 and 12.5 Hz and 
mostly recorded when the body is at rest. Unlike the alpha rhythm, 
recorded at a similar frequency over visual cortical areas, the mu rhythm 
is evidenced over the motor cortical area. Neurotypical individuals have 
mu suppression when performing motor tasks or when imagining or 
when performing motor acts. In neurotypical individuals, mu activity 
suppression can be achieved in the sensory motor cortex by motor ac-
tivity. However, in neurotypical individuals mu may also be suppressed 
not only by movements but through the observation of the movement of 
others (Amzica and Lopes da Silva, 2011). With ASD individuals, mu 
suppression is noted with self-initiated action, but not when examining 
the actions of others (McNaughton and Redcay, 2020). 

Individuals with ASD, possess dysfunctional sensory function and 
sensation/perception as well as deficits in social and verbal communi-
cation skills (Hilton et al., 2007; O’Connor and Kirk, 2008; Donnellan 
et al., 2013). These deficits in the organization and integration of sen-
sory stimuli underlie the aberrant responses to sensory input often 
noticed in ASD individuals and these may be manifested either as hypo- 
or hyperresponsiveness and/or in sensory self-stimulation. 

The sensory processing deficits observed in ASD individuals do not 
affect a single sensory modality but rather numerous ones and differ-
entially at that (Baranek et al., 2007; Tomchek and Dunn, 2007; Baker 
et al., 2008; Ben-Sasson et al., 2009; Lane et al., 2014). Some individuals 
with ASD are averse to bright visual stimulation while others who can 
stare for extended periods at such lights or other visual stimuli (Behr-
mann et al., 2006; Simmons et al., 2009). Vestibular function can like-
wise be affected with a hyporesponsivity that necessitates self-initiated 
vestibular stimulation such as rocking (Lane et al., 2022). The somato-
sensory tactile sense may hyper respond to touch stimuli as what has 
been termed tactile-defensive or aversion to being touched. These types 
of aberrations in ASD individuals have also been reported in auditory 
(Ludlow et al., 2014), proprioceptive (Riquelme et al., 2016), kines-
thetic (Chen et al., 2018) and other sensations. 

As most information is not processed in the brain through a single 
sensory channel that requires a decision for further processing or not, 
individuals with ASD cannot adequately process integrated sensation. 
Among the regions of the brain involved in multichannel sensory pro-
cessing include: the superior colliculus, thalamus, and cerebellum, be-
sides the prefrontal cortex (PFC), and the superior temporal sulcus 
(Ghazanfar and Schroeder, 2006). 

The multiple sensation convergence model assumes that a change in 
neuronal firing frequency is associated with converging input from 
multiple sensory channels. An alternative understanding involves spe-
cific patterns of neuronal binding requiring and demanding neural 
coherence or the synchronization of neural signals (see Engel et al., 
2012). Convergence from multiple sensory channels is supported by 
coherence which is, in turn, supported by the effective function of the 
frontal cortices with deficits in multi-modal synchronization potentially 
effecting multisensory processing in ASD. 

3.2. Frontal and prefrontal streams in ASD 

Numerous investigators have indicated the importance of the PFC in 
the manifestation of many of the symptoms of ASD. The orbitofrontal 
cortex (OFC) a prefrontal cortical region of the frontal lobes, is con-
cerned with decision-making, cognition, and in humans consists of BA 
10, 11 and 47 (Kringelbach, 2005). The OFC is a portion of the PFC that 
receives projections from the thalamic medial dorsal nucleus and is 
involved in the ability to taste and smell and in the experience of reward 
and decision-making (Isamah et al., 2010). 

The OFC network is, in part, concerned with the integration of 
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sensory activity. The mPFC network, in contradistinction, controls a 
pathway for viscero-motor activity and projects to the brainstem. In 
addition, both the mPFC and OFC networks connect to both the limbic 
system and the thalamus (including the central striatum, nucleus 
acumbens, hippocampus and amygdala). These brain areas are highly 
associated with the ability of the individual to monitor the external 
environment and in generating sympathetic responses to environmental 
change that also includes stress responses (Öngür and Price, 2000; 
Ridderinkhof et al., 2004a, 2004b; Bissonette et al., 2013; Sheinkopf 
et al., 2019). 

The Default Network (DN) of the brain is constituted by, among other 
regions, the mPFC, inferior temporal lobe, hippocampus, and posterior 
cingulate. The DN consists of a set of interacting nodes and connections 
to them that are concerned with “internal mentation” (i. e. the adapta-
tive and introspective everyday mental activities. According to the in-
ternal mentation hypothesis, attention to a task deactivates the DN and 
reactivates with spontaneous cognition. The DN also play a significant 
role, according to the sentinel hypothesis, in environmental monitoring. 
Collectively then, the DN facilitates a cohesive internalization of oneself 
and environment. 

Dorit Ben Shalom and D (2009) had referred to the sentinel hy-
pothesis when she noted that there exists a positive relationship between 
the DN and sensory processing tasks. Hypoactivity of global attention is 
often witnessed in Balint’s syndrome, consisting of optic ataxia, oculo-
motor apraxia, and simultagnosia found with bilateral parietal lobe le-
sions. In such cases, only one visual object can be perceived at a time, 
obviously distorting the gestalt and which is characteristic of those with 
ASD. Ben Shalom went on to hypothesize that neurotypical individuals 
integrate sensory information due to the mPFC at basic, integrative, and 
higher-order levels. It is, according to her, that the mPFC exclusively 
regulates integrative functions of multisensory stimuli. This, she con-
cludes, may be the basis of sensory processing deficits in individuals 
with ASD in that the mPFC is dysfunctional. 

With cognitive and motor functions being related to the prefrontal 
regions in ASD, there exists an overlap of cognitive and motor symp-
toms. The articulation of cerebellum, basal ganglia, and frontal lobes are 
areas of the brain recognized to control motor and nonmotor intentional 
and executive function. Most developmental disabilities including ASD 
have as their most common symptom, motor incoordination or clumsi-
ness, especially of posture and gait. Impulse control, either inhibited or 
facilitated, and judgment disorders can all be attributed to dysfunction 
of this network and its control of motor and nonmotor behavior. This 
spectrum of disorders all involve disruption primarily of what is known 
as executive functions which are functions attributed to the frontal lobe. 
Striatal neurons may be involved with gating incoming sensory input to 
higher motor areas such as the intralaminar thalamic nuclei and pre-
motor cortex that arise from several modalities to coordinate behavioral 
responses. These varied modalities may lead to the perception of 
sensation resulting in motor response. The basal ganglia, like the cere-
bellum, is functionally connected to the premotor and motor cortices as 
well as to the prefrontal cortex. (Leisman et al., 2014; Zikopoulos and 
Barbas, 2007). 

4. Frontal streams disintegrated from the corpus callosum in 
ASD 

We have already noted that alterations of specific frontal lobe areas 
have been found to have a significant effect in the manifestation of the 
core aspects of ASD. fMRI studies have demonstrated, for example, that 
the frontal lobe-based control not only of social cognition, but also of 
repetitive behavior, executive function, and verbal communication may 
be affected by dysfunctioning networks of the frontal lobes (Baron--
Cohen et al., 1999; Carper and Courchesne, 2000, 2005; Chandana et al., 
2005; Ohnishi et al., 2000; Luna et al., 2002; Herbert et al., 2003; 
Crucitti et al., 2022; Rafiee et al., 2022). 

Chugani’s group (Muzik et al., 1998; Chugani et al., 1999; Chandana 

et al., 2005) had observed reduced serotonergic synthesis in the frontal 
lobes of ASD individuals with concomitant abnormalities of whole-brain 
serotonin synthesis. Serotonin, like brain derived neurotrophic factor, 
modulates axonal arborization (Vitalis and Parnavelas, 2003), and 
dysfunction in serotonin synthesis has been found to be associated with 
anomalies of frontal lobe connectivity (see Kumar et al., 2010). 

5. Integrating the evidence for the role of the frontal streams in 
ASD 

The understanding the role of frontal streams presented here thus far 
has been confirmed in postmortem studies of individuals with ASD. A 
significant finding revealed early in life was brain overgrowth post-
partum most notable in the PFC related to a significantly large head 
circumference in children under three years of age. Subcortical brain 
regions related to sensory processing that project to the PFC that include 
the cerebellum and thalamus are also anatomically different in com-
parison to neurotypical individuals (Hazlett et al., 2005; Courchesne 
et al., 2011a, 2011b). A reduction in anatomical and functional con-
nectivity was found by Nair and colleagues (2011; 2013) that affected 
projections between somatosensory and motor cortices and between 
prefrontal, parieto-occipital cortices and thalamus in ASD children. 
Noted by Nair and colleagues was right hemisphere-based over-
connectivity between temporal and thalamic areas. The under-
connectivity noted between frontal-thalamic areas directly related to 
symptom severity in ASD individuals (Martínez-Sanchis, 2014; Rane 
et al., 2015). 

The thalamus serves both as an information filter for pathways 
projecting to the neocortex and as a relay station for sensory-motor in-
formation, thus suggesting a basis for the observed sensory deficits noted 
in ASD. We have noted significant relationships between the PFC and 
cerebellum with symptom severity in ASD individuals being a function 
of abnormalities of either the cerebellum, PFC or both (Carper and 
Courchesne, 2000; Kumar et al., 2010). 

Disorders of neural connectivities as a significant portion of the 
variance explaining ASD allow for an integration of cognitive theories 
(e.g., central coherence), with neuroanatomical, neurophysiological, 
and a neuropsychological understanding of the basis for ASD behavior 
(Hughes, 2007, 2008). We have learned that there exist 
cortico-subcortical as well as inter- and intra-hemispheric under-
connectivity in individuals with ASD. A problem that exists is that these 
findings co-occur with opposing data indicating hyperconnectivity 
(Vissers et a, 2012; Uddin et al., 2013; Kleinhans et al., 2016; Martínez 
et al., 2020). 

5.1. Behavioral consequences in a neuroanatomical context 

ASD has been most commonly viewed at as a cognitive disorder 
affecting primarily higher level social, nonverbal, and verbal commu-
nication. We have proposed here that instead it is primarily at its root, a 
sensory-motor disorder that delays the development of higher level 
cognitive social nonverbal skills. However, individuals with ASD also 
have exceptional and even gifted cognitive skills that are associated with 
left hemisphere function. So, it is not simply a cognitive social delay. In a 
pure cognitive deficit disorder there exists a classic unevenness of skills 
where they have clear cognitive deficits or delays associated with right 
hemisphere functions and advanced left hemisphere cognitive skills. 

Numerous reports from comparative genomic research have noted 
that small areas exist on the human genome that are shared by many 
species but have changed relatively quickly during our evolutionary 
divergence from chimpanzees. Such genomic sequences are referred to 
as human accelerated regions (HARs) (Olson and Varki, 2003; Pollard 
et al., 2018). As our social and cognitive behaviors are unique in com-
parison with other species, some researchers have thought that HAR 
alterations may be significant in the evolution of these traits in humans 
(Doan et al., 2016; Levchenko et al., 2018). With impaired HARs, there 

G. Leisman et al.                                                                                                                                                                                                                                



Brain Research Bulletin 198 (2023) 65–76

71

could well be related impairment in social and cognitive functioning 
(Doan et al., 2016). 

Perhaps there existed an evolutionary need at times for superior 
cognitive skills. Autism-related genetic variants associated with ASD 
may have been selected as a positive alteration. Polimanti and Gelernter 
(2017) had found that inherited variants linked to ASD at levels greater 
than that predicted on the basis of chance. Polimanti and Gelernter 
found that ASD variants were significantly related to greater intellectual 
abilities. They additionally noted that many of the ASD variants were 
molecularly associated with processes related to the creation of new 
neurons. It may well be that these retained variants have had a positive 
effect with the negative being ASD which might provide an adaptive 
benefit. 

This unevenness of skills is superimposed on genetic traits and 
exacerbated by epigenetic factors pre- and post-natally that leads to a 
bottom-up interference of development that ultimately creates a matu-
rational imbalance that is reflected in the development of unevenness of 
skills with which they often present (for further development of this 
notion see Leisman et al., 2022). 

5.1.1. Sensory development 
The right hemisphere of the cortex develops first in utero and largely 

in the first three years of life (Leisman et al., 2022). Initially, a child 
needs to be able to communicate its basic needs nonverbally to care-
givers and that includes consequences of the sensations of pain, tem-
perature, hunger, thirst, abnormal bowel movements, or intestinal 
distress, fatigue, etc. Of course, primary perception and processing of 
this information occurs in both hemispheres in BA 3,1,2. However the 
final processing and response to these sensations occurs specifically in 
the right hemisphere (Melillo & Leisman 2015; Carmona et al., 2015; 
Blake, 2018). The processing of this information known as interoception 
primarily occurs in the right insula cortex’s BA 13 (Schulz, 2016). It has 
been reported that children with ASD are variously deficient in internal 
interoception (DuBois et al., 2016). Children with ASD have unusually 
high threshold for pain and temperature (Yasuda et al., 2016; Duerden 
et al., 2015), they may not perceive hunger and thirst (Fiene and 
Brownlow, 2015), and sometimes have issues with failure to thrive 
(Keen, 2008). Others may eat or drink as a “stim” or “tic” type of 
behavior and not perceive when they are fully satiated. Some in-
dividuals with ASD will eat until they regurgitate not realizing they are 
beyond satiated, all of which is associated with deficits in interoception, 
and the failure to perceive basic sensory input within BA 3, 1, and 2 and 
in the insula cortex in the right hemisphere. 

5.1.2. Attachment 
The primary drive of the right hemisphere developing first is for 

survival and therefore attachment to other humans (Schore, 2005; 
Laurita et al., 2017). Human brains are, at birth, the most immature 
relative to other species (Leisman and Melillo, 2022). Possessing large 
neonatal heads birthed from mothers with relatively small birth canals 
requires the restriction of the growth of the brain and head in the the 
uterus. Human infants cannot survive alone, they must first attach to 
caregivers. Initially this attachment takes place through reciprocal 
nonverbal communication between the parents and infant. The child 
must be able to receive nonverbal cues and be able to respond. Initially 
these responses take place in the brainstem, and there exist brainstem 
reflexes that are connected to the muscles of facial expression (Dela-
field-Butt and Trevarthen, 2017). These are cranial nerve nuclei that are 
present in the medulla and pons initially and relate to cranial nerves that 
are branchial arch derivatives of cranial nerves 5, 7, 9,1 0, 11. These 
nerves relate to chewing swallowing, facial expression, vocalization, 
breath control, and head gestures that will also form the foundation of a 
social engagement system. Ultimately thes motor tone associated with 
these nuclei will come under the control of the nucleus ambiguous 
which is a myelinated, ventral extension of the parasympathetic nervous 
system. This system, over the course of the first year or so of life, will 

help regulate and inhibit the sympathetic nuclei and nervous system that 
is also found in the medulla and rostral ventral lateral nucleus, that 
regulates the dorsal motor nucleus of the vagus nerve, which regulates 
gut function (Porges, 2005; Bonaz et al., 2017). This, taken together, will 
support the maturation and regulation of the autonomic nervous system 
which will also innervate and regulate the immune system. 

Children with ASD have been documented to have abnormal or 
delayed development of the parasympathetic nervous system (Fenning 
et al., 2019). An ideal way to test this hypothesis is through heart rate 
variability (HRV) testing and it has been demonstrated that children and 
individuals with autism have abnormally low HRV signifying increased 
sympathetic tone (Ming et al., 2005; Cheng et al., 2020). This would also 
relate to less nonverbal reflexive communication and reciprocation with 
parents and caregivers, a alack of eye contact, and lesser emotional 
responsivity to facial expression. All of the peripheral interoceptive in-
formation from the gut and from most of the body comes through the 
afferent branch of the vagus nerve and the nucleus solitarious (Bonaz 
et al., 2019). Its ultimate target is the insula and finally the right insula 
projects tot BA 13. This is the primary cortical receptive area for all 
interoceptive feedback. So, stimuli from the brainstem travel bottom-up 
to project to the insula (Barnet & Simmons, 2015). If there is a delay in 
the development of the brainstem and immaturity of nuclei, this delay 
would also affect the maturation and devolvement of the insula and 
especially the right insula which comes online first (Churchwell & 
Yurgelun-Todd, 2013). Again, this could be seen as a lesser response to 
basic sensory input which, as we had earlier indicated, has been well 
documented in individuals with ASD, as well as autonomic dysregula-
tion and dominant sympathetic tone also well documented in ASD. 

5.1.3. Socialization, attachment, and right brain emotions 
As stated earlier, the primary drive for human survival is attachment 

to other humans. Firstly, an infant is expected to attach to its parents, 
and then learn to attach to other humans to become part of a social 
group. Throughout most of human history it is known that humans could 
not be expected to survive alone. The advantage we humans have had 
for survival was not physical strength or speed, but rather intellect and 
banding into to social groups that could work in a coordinated way to 
hunt and protect one another. This is the primary job and goal of the 
right hemisphere and it is the first side of the brain to come online in 
development. The insula is one of the most crucial structures that drives 
the development of the right brain. This we propose is a primary deficit 
in ASD, not due to damage, pathology, or genetic mutation, but simply it 
is related to lack of development of the social, attachment, nonverbal 
communication networks that commence in the brainstem. Once basic 
sensory, interoceptive feelings, and interoception are built on top of 
effectively perceived sensations, the result will be emotional awareness. 
The right brain emotions are mainly configured around withdrawal 
behavior or protection and are referred to as negative emotions. Fear, 
sadness, guilt, shame, embarrassment, rejection sensitivity, disgust are 
primary emotional responses. These emotions as we said concern pro-
tection, fear or sense of danger, disgust, ingestion, sadness, sense of loss, 
but also these emotions are critical to socialization. Guilt or shame al-
lows an individual to know when they have broken a social rule. The 
ultimate fear and driving influence of the right brain is rejection sensi-
tivity, fear of rejection being - in the evolutionary history of man – a 
death sentence. Rejection sensitivity is a right brain function (Pre-
mkumar, 2012). Most emotions are also perceived in the right insula 
cortex as well as other emotional networks. So, these emotions are 
literally built on top of networks connected to basic sensations (Zhang 
et al., 2019). Other right brain emotions, however, consist of love, 
connection, empathy, and attachment. These too are built on top of basic 
ssensations. With reference to empathy, known to be deficient in ASD, 
one cannot appreciate another person’s pain unless that person feels 
pain. One cannot perceive the pain of another if we ourselves have not or 
have difficulty experiencing that pain. 

Another key element in ASD involves the ability to form and 
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maintain relationships. Basic to maintaining relationships is inter-
oception, being able to nonverbally communicate, understand and relate 
to one another. This initially requires an individual to be able to feel 
their own body, sensations, and emotions and then compare that 
nonverbally through motor expressions and proprioception thus forming 
the basis of reciprocal communication and social engagement. The 
question arises about the ASD individual for whom initial sensations and 
the emotions built on top of those feelings do not develop adequately. 
The result would be interference or complete elimination of the ability 
to nonverbally communicate that forms the basis of social relationships, 
learning right from wrong, understanding social rules, all of the things 
absent or impaired in ASD. We know that verbal communication in the 
left hemisphere commences with BA 44 and 45 and Wernicke’s area BA 
40, 39, 22. The right hemisphere possesses a similar nonverbal 
communication network. The equivalent of Wernicke’s BA 40, 39, 22 in 
the right parietal, temporal lobe is concerned with nonverbal receptive 
language. The supramarginal gyrus, BA 40, among other areas responds 
to facial expression, BA 39, the angular gyrus, controls the response to 
body gestures, and BA 22, the superior temporal gyrus, responds to 
prosodic variation and emotional tone of voice, all significantly deficient 
or absent in autism. The nonverbal expression lacking or deficient in 
ASD would relate to the right BA 44, 45, part of the inferior frontal 
gyrus. Lack of facial expression and body awareness, have been well 
documented. But all of the networks controlling these operations that 
are underdeveloped commence with bottom-up development starting in 
the brainstem. 

5.1.4. Retained primitive reflexes, brainstem development potentially 
impacting on hemisphericity 

We have indicated elsewhere (Melillo et al., 2020; Leisman et al., 
2022) that in ASD, retained primitive reflexes (RPRs) exist beyond the 
first year postpartum and reflects the under development of right 
hemisphere networks. RPRs can be associated with a delay of right 
hemisphere development, and this may in turn lead to the left hemi-
sphere coming online in individuals that have usually strong left hemi-
sphere traits. This has been observed in skills such as hyperlexia where 
children with ASD have been documented to be able to read below the 
age of two (Macdonald et al., 2021). Some of the areas that underly 
reading ability include BA 39 and 40. Damage or dysfunction in these 
regions has been associated with Gerstman syndrome, a 
well-documented syndrome affecting the left hemisphere associated 
with dyslexia, dyscalculia, right/left confusion, and finger agnosia. 
Should these regions come online too early, one could conceive that they 
might inhibit development of their counterpart in the right hemisphere 
which should be developing first, and which should be developing 
nonverbal communication skills. If a child is hyperlexic that could lead 
to inhibition and developmental delay of the nonverbal network for 
reciprocal reception of facial expression, tone of voice and body gestures 
which is seen in ASD. Therefore, two potential contributing bottom-up 
factors are at play associated with a developmental interhemispheric 
communication deficit or functional disconnection. 

In our view, the RPRs first lead to and represent a maturational delay 
of the brainstem. If they do not become inhibited and integrated, they 
represent a lack of maturation of the medulla and pons. The nuclei in 
those areas form the basis and foundation of all the higher sophisticated 
networks of the cortex. If they are delayed in maturation so too will be 
the networks that have yet to be developed, especially those of the right 
hemisphere. Since the right hemisphere develops first and the reflexes 
should be fully integrated by the end of the first year of life, if primitive 
reflexes are retained, the delay could have more of an impact on right 
hemisphere development and may have the left hemisphere come online 
too early. If the dominant left hemisphere comes online too early this 
can reciprocally inhibit the contralateral brainstem and the cortex and 
further inhibit right hemisphere development. These two factors can 
retard right hemisphere maturation with an infant inadequately 
perceiving basic sensory input and interoception, leading to lack of 

connection to their own bodies and sensations. This could delay devel-
opment of right hemisphere emotional responsivity and ultimately delay 
or eliminate the primary drive of the child to attach to parents and ul-
timately attach to other humans and form connections simply because 
the networks that drive that developmental imperative are suppressed or 
underdeveloped. Children with ASD, to varying degrees, have little or no 
drive to connect to other children (Brown et al., 2022) and this is 
coincidently observed with overactivity of the left hemisphere networks 
(Mundorf et al., 2021; Wang et al., 2022). 

5.1.5. Vestibular mapping 
The first major sensory system to come online during fetal devel-

opment is the vestibular system Bradley and Mistretta (1975); Johnson 
Chacko et al. (2016)). Vestibular input has a significant influence in 
early movement development and is directly connected to the the ex-
istence of primitive reflexes (Brandt and Dieterich, 2015; Grzywniak, 
2016) and head and neck movement (Lovell, 2021). Vestibular input 
serves as the trigger of many primitive reflexes and support early motor 
development (Lovell, 2021). The Tonic Labyrinthine Reflex, Moro (also 
connected to sympathetic development), Asymmetric and Symmetric 
Tonic Neck Reflexes etc., all involve motor activity and sensory input 
from postural muscles and vestibular input (Gieysztor et al., 2018; 
Pecuch et al., 2021). An important function of early vestibular input is to 
assist in creating body and spatial maps. Bilateral vestibular input from 
otoliths and semicircular canals, as we develop our motor skills sup-
ported by primitive reflexes, activate hair receptors that generate 
feedback to brainstem nuclei and the cerebellum initially to help 
triangulate the body in space. This aids in forming a body map assisting 
us in placing our body in the space around us. 

Initially the four vestibular nuclei located in the pons, where the 
initial input from the inner ear arrives, then projects to the cerebellum 
and ultimately up to the thalamus in the VPM,VPL and up to parietal 
lobe BA 3,1,2. The primary cortical reception site for vestibular input is 
the parietal insula vestibular cortex in the right hemisphere (Dieterich 
and Brandt, 2018). The posterior portion of the insula is responsible for 
responding to vestibular input and plays a role in building a spatial map 
of our bodies by the parietal lobe. This therefore assists the external 
environment communicate with the internal so that the infant and child 
can integrate both proprioceptive and interoceptive input to create an 
integrated “self”. This sense of self, in part, resides in the right anterior 
insula and right anterior cingulate which communicate with the pre-
frontal cortex. It has been well documented that children with autism 
have severely underdeveloped or absent vestibular responses (Choudh-
ery and Ansarii, 2020; Oster and Zhou, 2022). We contend in the light of 
this evidence that the vestibular nuclei and their connections to the 
cerebellum are significantly developmentally delayed and immature as 
RPRs retard brainstem development. This, in turn, would delay devel-
opment of the midline cerebellum and connections to the thalamus and 
prefrontal cortex as well, as the parietal lobe. On the basis of what has 
been discussed, we propose that as a result of the lack of adequate input 
from brainstem and vestibular input, there exists a failure for the 
neonate, infant and child to perceive his or her body adequately, this is 
associated with difficulty in developing a body map in turn related to a 
severe form of neglect and together with lack of interoception, results in 
delayed self-awareness and body ownership. This penultimately delays 
left hemisphere-based body agency and motor control. 

5.1.6. Motor planning 
The most sophisticated motor planning on the phylogenetic scale is 

speech. A child with ASD has speech and language that is delayed for 
numerous reasons including: a) lack of nonverbal drive to speak and b) 
lack of a drive to attach to others because of lack of connection to their 
own bodies (Mody et al., 2018; Leisman and Melillo, 2022). Individuals 
with ASD possess a significant lack of sensory connection with their own 
bodies which affects the ability to know where their bodies are in space 
(Gauthier et al., 2018) and they literally cannot feel or adequately 
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control the facial muscles necessary for the effective production of 
speech, where motor planning requires extreme sensory-motor precision 
(Samad et al., 2015). This could explain, in part, why it is that speech 
impairment is observed coincident with overactivity of other left 
hemisphere networks. Hyperactivity, tics, and stims are all associated 
with overactivity of the left motor BA 4 and premotor BA 6 and their 
connections to the direct pathways of the basal ganglia. We see in 
general overactivity of the direct pathway of the basal ganglia (Sub-
ramanian et al., 2017). Llinas (2002) has described the basal ganglia as 
the home for all stereotypical movements and behaviors. All of these 
preprogrammed behaviors and movements are potentially present at 
birth and controlled by the basal ganglia (Herrero et al., 2002). The 
balance between the direct and indirect pathway is what ultimately 
keeps these behaviors in check and allows the cortex to ultimately 
choose which programs develop further and the timing of when they are 
inhibited or not. In children with ASD, we see that many cannot effec-
tively control body movement. Many indulge self-stimulation inter-
pretable as a random release of stereotypical movements and behaviors 
that they are not consciously controlled (Delafield-Butt and Trevarthen, 
2017). Inhibition of these programs we know comes from the indirect 
and especially the hyperdirect pathway of the basal ganglia (represented 
in Fig. 2) and projected to the right hemisphere. BA 4 and 6 are the part 
of the hyperdirect pathway that inhibits movement, the inferior frontal 
gyrus BA 44, 45, 47 is the branch of the hyperdirect pathway that in-
hibits more emotional, cognitive, and limbic activities and stereotypical 
behaviors. Obsessive behaviors from the dorsolateral PFC represented as 
BA 46, 9 on the right, when uninhibited is associated with obsessive 
thoughts (Seo et al., 2016; Park et al., 2017); BA 11, 12 and the left 
corbito-frontal cortex, when inhibited, is associated with compulsive 
behavior, hypersexuality, hyperphagia, impulsivity etc., all of which are 
often features of ASD (Price et al., 2021). 

5.1.7. Autism as a primary sensory perception and motor control 
dysfunction 

We think that the core issues related to ASD and its repetitive ste-
reotypical behaviors, verbal and nonverbal deficits and especially so-
cialization and attachment deficits are primarily related to a deficit of 
development of right hemisphere networks that underly these issues (see 
Leisman et al., 2022). These deficits are brainstem related through the 
RPRs, which alter early movement and skew sensory perceptual feed-
back. This bottom-up interference impacts right brain development 
which commences in utero and continues over the first three years of 
life. The left hemisphere networks that underly verbal, motor, and some 
emotional behaviors come online too early and inhibit the development 
of the same nonverbal, sensory, and emotional networks contralaterally 
in the right hemisphere. We propose that ASD is not a principally a 
cognitive or intellectual deficit at its core, despite ASD being related to 
verbal language deficits. The primary language deficit we hypothesize to 
be a nonverbal communication deficit that commences in the right 
hemisphere networks in cortical regions equivalent to Wernicke’s and 
Broca’s in the left hemisphere. Hyperconnectivity of left hemisphere 
networks can produce both echolalia and scripting. Many with ASD 
demonstrate early onset hyperlexia as well as advanced mathematics 
and other left hemisphere-based cognitive skills. Virtually all of the 
advanced or savantist skills are known to be left hemisphere-based 
(Treffert and Christensen, 2006; Treffert, 2014). 

Verbal language delay is not only a result motor planning deficits 
being primarily a left hemisphere skill, but it can also actually be a 
sensory perceptual right hemisphere-based deficit. Dysfunctioning 
motor and sensory feedback to the right parietal lobe and the parietal 
insula cortex disrupt spatial and body mapping as well as disruptions of 
vestibular input that produce forms of neglect and proprioception def-
icits. The lack of early sensory perception stimulation in the right insula 
can interfere with interoception, and the anterior insula and anterior 
cingulate do not create self awareness and body ownership, which then 
can lead to a deficit of agency and motor control. This loss of motor 

control and planning is a primary motor problem but also a sensory 
deficit where the individual has an impairment in perceiving his or her 
body position and therefore cannot reliably move their bodies readily. 
They are instead at the mercy of random firing stereotypical basal 
ganglionic programs that are recognized as self-stimulatory behaviors or 
tics. 

6. Conclusion 

The insufficient connectivity between the medial PFC and other 
areas distant from each other involved in top-down information pro-
cesses rely on the global integration of data from multiple input sources 
described in this paper and would enhance low level perception pro-
cesses (bottom-up information processing) as in over-focused attention 
to sensory details. The reduced deactivation in the medial PFC and in the 
rest of the Default Network during global task processing is consistent 
with the integrative modulatory role served by the medial PFC as has 
been hypothesized. We have stressed the importance of understanding 
the degree to which sensory and movement anomalies in individuals 
with ASD can contribute to social impairment. In fact, many acts are 
mistakenly interpreted as lack of interest, reluctance, non-compliance, 
and even aggressiveness when most of the demonstrated behaviors are 
not volitional and are secondary to the idiosyncratic sensory and 
movement control mechanisms. Nevertheless, further investigation on 
the neurobiological basis of sensory symptoms and its relationship to 
other clinical features found in ASD is still required to improve the un-
derstanding and quality of life for persons with ASD. Treatment perhaps 
should not be first behaviorally based but rather based on facilitating 
sensory motor development. 
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