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Abstract: Background: Autism Spectrum Disorder (ASD) can be identified by a general tendency
toward a reduction in the expression of low-band, widely dispersed integrative activities, which is
made up for by an increase in localized, high-frequency, regionally dispersed activity. The study
assessed ASD children and adults all possessing retained primitive reflexes (RPRs) compared with a
control group that did not attempt to reduce or remove those RPRs and then examined the effects
on qEEG and brain network connectivity. Methods: Analysis of qEEG spectral and functional
connectivity was performed, to identify associations with the presence or absence of retained primitive
reflexes (RPRs), before and after an intervention based on TENS unilateral stimulation. Results: The
results point to abnormal lateralization in ASD, including long-range underconnectivity, a greater left-
over-right qEEG functional connectivity ratio, and short-range overconnectivity in ASD. Conclusions:
Clinical improvement and the absence of RPRs may be linked to variations in qEEG frequency bands
and more optimized brain networks, resulting in more developmentally appropriate long-range
connectivity links, primarily in the right hemisphere.

Keywords: retained primitive reflexes; autism spectrum disorders; maturational delay; neuronal
synchrony; bottom-up processing; top-down processing

1. Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental syndrome char-
acterized clinically by language impairment, lessened social interaction, varied cognitive
deficits, and behavioral stereotypes [1–8]. People with ASD may act, speak, interact, and
learn differently than typical people [3,7]. The abilities of individuals with ASD can differ
considerably [3]. Some individuals with ASD may have great conversational abilities, while
others may be nonverbal [2–4,6]. Individuals with ASD need much help daily; others can
work and live without support [3]. Although symptoms of ASD occasionally improve,
they typically appear before the age of three and might continue for the rest of a person’s
life [3,7]. Children can demonstrate ASD symptoms within the first 12 months of life [3].
Symptoms may not develop until 24 months of age or later. Up to about the age of 18 to
24 months, children with ASD may learn new skills and meet developmental milestones;
however, after that point, they may stop developing new skills or lose previously acquired
ones [3,9,10]. As ASD children grow into teenagers and young adults, they may struggle
to make and keep friends, communicate with peers and adults, and understand the ex-
pectations for behavior in the classroom and at work [3,9]. Co-occurring disorders like
anxiety, sadness, or attention-deficit/hyperactivity disorder, which are more prevalent in
people with ASD than in those without ASD, may cause medical practitioners to identify
them [3,6].
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Individuals with ASD frequently struggle with interaction and social communica-
tion and demonstrate repetitive or restricted interests or actions. ASD subjects may also
have unique learning, movement, and attention styles. These attributes can make life
quite difficult.

1.1. Quantitative EEG in Autism Spectrum Disorder

Although the methods and experimental paradigms employed in these investigations
differed, quantitative EEG (qEEG) has been used to evaluate autistic children, and it has
revealed several consistently aberrant EEG characteristics in these individuals [11,12].

Quantitative EEG approaches may be able to identify and quantify ASD-related dys-
functions in certain brain regions and in the regulation of neuronal activity. Asymmetry of
the hemispheres, functional connectivity, and spectral power have attracted the most atten-
tion as potential ASD EEG indicators. In their review of resting-state EEG investigations
in ASD, Wang and colleagues [13] identified a probable “U-shaped” profile of EEG power
spectra in ASD, in contrast to neurotypical control persons, with excess power in the theta
and gamma frequency bands and decreased power in the alpha frequency band. Infants at
risk for ASD exhibit alpha band imbalance between the hemispheres [14].

Cantor et al. [15] and Cantor and Chabot [16] demonstrated decreased alpha activity,
while other publications reported bilateral and frontal decreases in this EEG frequency
band [17] when employing spectral analysis. Children with autism exhibited significantly
higher relative delta and lower relative alpha activity [18,19]. Additionally, these researchers
noted that gamma oscillation alignment increases the sensitivity of distinguishing EEG
responses to emotional facial stimuli in autistic individuals, and that an excess of high-
frequency EEG demonstrates an association between autism and hyperactivity.

1.2. Retained Primitive Reflexes in Autism Spectrum Disorder

One early indicator of delayed or aberrant cortical maturation, and consequently,
and other neurobehavioral disorder including ASD, may be retained primitive reflexes
(RPRs) [20]. Sucking and rooting reflexes, as well as many other primitive reflexes, are
present at birth [21]. The early indications of ASD may include delayed asymmetry of
rolling over around 3–5 months of age, as well as the inability to latch on and breastfeed,
which is frequently found in children with developmental delays [22,23]. Therapists
recommend specific exercises that are thought to stimulate or reproduce primitive reflexes
to remediate various neurobehavioral disorders [24,25].

However, to our knowledge, the mechanism by which primitive reflexes are sup-
pressed in neurobehavioral disorders has not yet been established. We hypothesize that
making use of these reflexes enhances sensory input and feedback to the nervous system,
which in turn encourages synaptogenesis and neuroplasticity in more rostral and complex
brain regions [26,27]. The suppression of primitive reflexes under normal circumstances is
associated with inhibition through descending propriospinal connections. The suppression
of these reflexes, which would result in associations with more intricate, individualized voli-
tional movement control, promotes cortical maturation and growth. As a result, “bottom-up
interference” may be released, delaying cortical maturation and preventing proper top-
down regulation, both of which would ultimately block basic reflexes [21,28,29]. We have
noted that in ASD individuals there is a significant tendency for primitive reflexes to be
retained even into adult life [30].

The goal of the current study was to evaluate autistic children before and after an
intervention, compared to a control group, using qEEG spectral and functional connectivity
analysis, with an approach that can inhibit preserved basic reflexes [31].

2. Materials and Methods
2.1. Participants

Male and female participants were recruited from the Institute for Neurology and Neu-
rosurgery in Havana, Cuba, tested and treated in the Clinical electrophysiology laboratory.
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Demographic data of the participants was recorded and included age, gender, Apgar score,
birth weight, gestational age, and whether the birth was natural or by Caesarian section.
Also collected were the IQ, overall health, grade level, and sidedness of the participants.
Three age groups included 10 ASD participants each (5–10; 11–19; 25–35 years) reflecting
different normative stages of development into adulthood. Additional selection criteria
may be found in Sections 2.1.1 and 2.1.2 below.

The participants included 50 males and 10 females whose mean age was 15.8 (S.D. 7.21).
The groups’ characteristics can be found in a data depository at (https://www.researchgate.
net/publication/372345066_Cognitive_Effects_of_Retained_Primitive_Reflex_Reduction_
by_Lateralized_Stimulation-Data, accessed on 19 July 2023).

2.1.1. Inclusion Criteria

Each participant was blindly clinically examined by two child neurologists and diag-
nosed as complaining ASD, based on DSM-V criteria [8].

Each of the ASD participants possessed a classical autistic triad of impairments in
social interaction, communication, and imagination [7,32–34], with relatively intact verbal
functions and with I.Q.s over 85 [35,36].

The following conditions were required for inclusion in the control group: a history
of uneventful prenatal, perinatal, and neonatal periods; no disorders of consciousness;
no history of central or peripheral nervous system disease, and the absence of the follow-
ing: head injury with cerebral symptoms; convulsive episodes; paroxysmal EEG activity;
headache; enuresis or encopresis after the fourth birthday; tics; stuttering; pavor-nocturnus;
and any psychiatric, behavioral, or drug-related disorder. Depending on age, school-aged
participants demonstrated normal academic achievement [8,34]. Control group participants
were excluded if any spike-wave activity was present in the EEG.

2.1.2. Exclusion Criteria

None of the participants had a history of cerebral palsy, traumatic brain injury (TBI),
or brain surgery, nor did they have any neurologic abnormalities, outside those specifically
linked to autism. None of the participants demonstrated any genetic disorder, metabolic
illness, vascular disorder, or history of cancer, and they could not be breastfeeding or
pregnant. Participants were free of drugs or in drug treatment recovery. Control group
participants demonstrated no manifestations of any RPRs.

2.1.3. Informed Consent and Institutional Approval

The Institute of Neurology and Neurosurgery Ethics Committee and the IRB for the
University of Haifa approved the research projects. The relatives or responsible parties of
the study participants gave their informed consent.

2.2. Procedures

Participants were studied in a facility with a temperature range of between 24 and
26 ◦C, with noise reduction, and dimmed lights. Participants under the age of majority had
a parent or guardian in loco parentis present during all recording sessions, and in all cases,
so too was the clinician in charge and the EEG technologist. To improve teamwork, partici-
pants were situated in comfortable chairs and familiarized with the room and experimental
set prior to the experimental session.

2.2.1. Reflex Testing

The following reflexes were tested clinically and included the Asymmetric Tonic Neck
Reflex (ATNF), Symmetric Tonic Neck reflex (STNR), Spinal Galant, Babinski, Palmer
Grasp, Rooting, and Tonic Neck Reflex (TNR). RPRs were defined as the presence of two or
greater RPRs.
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2.2.2. Cognitive Testing

The following standardized testing was performed: Wechsler Individualized Achieve-
ment Testing-III (WIAT-III) [35], Wechsler Adult Intelligence Scale (WAIS-IV Spanish Ed-
ituon [37], Wechsler Intelligence Scale for Children Fourth Edition (WISC-IV, Spanish
Edition) [38], Clinical Behavioral/Sensory Testing and Intervention, Behavioral Scales
(Brown Executive Function Scales [39], Gilliam Asperger’s Disorder Scale (GADS) [40], and
the Gilliam Asperger’s Rating Scale (GARS-3) [41]).

2.2.3. Hearing and Vestibular Function

All children in Cuba with ASD are routinely tested by brainstem auditory evoked
potentials to rule out auditory impairment. Cranial nerve function was also included as
part of the evaluation protocol, as was the case in the patients evaluated in this report.

2.3. Quantitative Electroencephalography

EEG was recorded from 19 standard locations over the scalp according to the 10–20 system:
Fp1, Fp2, F3, F4, F7, F8, T3, T4, C3, C4, P3, P4, T5, T6, O1, O2, Fz, Cz, and Pz. Gold-cup
scalp electrodes applied with collodion were fixed, after careful skin cleaning, using a
conductor paste and connected to the input box of the digital EEG system (Medicid-05,
Neuronic, S.A., Neuronic Mexicana S.A. de C.V. Luis Alconedo #1, Colonia Merced Gomez,
Delegación Benito Juarez, CDMX, México). Leads were employed, using linked ears as
a reference. Technical parameters were: gain 20,000, pass-band filters 0.1–70 Hz, “notch”
filter at 60 Hz, a noise level of 2 µV (mean root square), sampling frequency 200 Hz, and
electrode–skin impedance never higher than 5 KΩ. To make eye movement artifacts easier
to spot in the EEG records, electrodes were positioned across the superior and inferior
rims. For each experimental portion, experts visually reviewed the recordings to choose
artifact-free EEG segments with a total duration of no less than 65 s. These segments were
afterwards converted to an ASCII file and saved for additional quantitative analysis.

2.3.1. EEG Pre-Processing

Every single one of the 19 leads’ EEG values underwent off-line pre-processing consist-
ing of (a) removing the sequence’s mean value from the EEG values to lessen the impact of
the D.C. component of the time series; (b) applying a nonlinear median filter (three-points
window) to weed out outliers or abnormally high amplitude values [42]; (c) conventional
linear detrending to prevent any potential series drifts; (d) digital high pass filtering (low
cutoff frequency of 0.5 Hz); and (e) lowpass digital filtering with a six order Butterworth
filter and a high cutoff frequency of 55 Hz. An algorithm created by The Math Works
Inc. was used for both filtering techniques. It filtered the input in the forward direction,
reversed the filtered sequence, and then sent it back through the filter to create a zero-phase
distortion effect [43].

2.3.2. qEEG Spectral Analysis

qEEG samples contained in the previously specified ASCII files were imported by a
custom-tailored Matlab version 7.10.0.499 R2010a software application (The Mathworks,
Inc., 1 Apple Hill Drive, Natick, MA, USA). The software included several steps, including
the estimation of the power spectral densities (PSD) for each EEG lead, the calculation
of several spectral indices and coherence, and the output of these results to a Microsoft
Access database.

2.3.3. Grouping of EEG Leads for Spectral Analysis

Activity in the left anterior region was evaluated by recordings obtained through the
EEG leads Fp1, F3, and F7. The right anterior area was composed of the Fp2, F4, and F8
derivatives. Activity over the central left region was evaluated by activity recorded from
the C3 and T3 leads, and right central region activity was reflected in activity recorded
from C4 and T4 leads. The posterior left region activity was reflected by the P3, O1, and T5
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leads, and a posterior right region activity was integrated with the collective activity of P4,
O2, and T6 leads; a midline region was defined that included the Fz, Cz, and Pz leads.

2.3.4. Computation of PSD and the Spectral Indices

The first 12,288 samples of the EEG values of each EEG lead were submitted to a
spectral analysis implemented by the Welch periodogram method, using a Hann window
to avoid a leakage effect as much as possible. This approach produced 23 successive
windows out of the 1024 samples (5.12 s), which overlapped every 512 samples. The
estimated PSD findings for each discrete spectral frequency were then averaged to get the
global smoothed spectrum for each EEG lead. This procedure had a spectral resolution
of 1/5.12 s, or roughly 0.1953125 Hz. The D.C. or zero frequency and the first six discrete
frequencies were eliminated, and the remaining discrete frequencies were subjected to
integration within the ranges chosen for the various EEG bands. We selected 12 for the
delta EEG band, which ranges from 1.17 to 3.5 Hz; 22 for theta, 3.5 to 7.5 Hz; 19 for alpha,
7.5 to 11 Hz; 21 for sigma, 11 to 15 Hz; 53 for alpha, 15 to 25 Hz; and 154 for gamma.
The conventional method was also used to measure the PSD for the EEG in each band in
normalized units, determining the percentage of the PSD corresponding to the total PSD of
the entire spectral range [44,45].

2.3.5. Functional Connectivity Examined by qEEG

The theoretical analysis of graphs was performed employing the timing matrix of all
possible electrode combinations. We used programs developed in our laboratory employ-
ing MatLab (R2008b) for these analyses. The parameters that were evaluated were the
mean route length (the smallest number of edges required to connect a node to another
node) and the clustering coefficient (the ratio of connections between nearest neighbors
to the total number of connections feasible), which both measure the effectiveness of com-
munication in a network. The level of connectivity that the two neighbors or the local
subnet share is reflected in the local efficiency. The global efficiency shows the degree of
connectedness between any two nodes, and the global connectivity reflects the degree of
global connectivity between each channel and the other metrics.

2.3.6. Statistical Analysis

For the statistical processing, we used the Statistica v. 8.0. program (Tibco Inc., Palo
Alto, CA, USA). By using log-natural transformations, the absolute PSD values were given
a normal distribution, which was then verified using the Shapiro-W Wilk’s test. Based on
our prior experience, normalized PSD data did not require adjustment to achieve normalcy
distributions [46].

A permutation test implemented in Matlab was used to assess functional connectivity
(FC), calculating the differences between the two groups’ synchronization matrices. Each
matrix element in the FC symbol represents the edge strength or functional relationship
between the associated groups, with the rows and columns standing in for nodes. The
assembling of the element matrices into the global coefficient matrix is plainly shown by
the connection matrix.

To analyze the differences between the controls and patients, the t-test for independent
samples was applied. A significance of p < 0.05 was set in all cases.

3. Results
3.1. Effects of Treatment on Absolute Power

Comparing the control vs. the autism groups before the treatment, we found signif-
icant increments of the delta, theta, alpha, and gamma bands, with reduced activity of
alpha frequencies.

Nonetheless, the most interesting finding was when ASD patients were compared
before and after treatment, represented in Figures 1–4. The most important findings related
to comparisons prior to and after treatment, specifically a significant reduction of the
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absolute power in the delta, theta, and gamma bands. For the alpha band, no statistical
differences were found.
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3.2. Functional Connectivity

Figures 5–9 compare qEEG functional connectivity before and after treatment for
delta, theta, alpha, alpha, and gamma bands. We generally found long-range underconnec-
tivity and short-range overconnectivity for all bands lateralized to the right hemisphere.
Moreover, after treatment, several significant interhemispheric connections appeared.
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4. Discussion

Comparing the control vs. the autism groups before the treatment, we found a
significant increment of the delta, theta, alpha, and gamma bands, with reduced alpha
frequency activity. This pattern is known as the “U Shape” in ASD patients. Nonetheless,
the most important findings were related to the comparison before and after treatment.

The most common method for characterizing resting EEG involves decomposing
oscillatory patterns into frequency bands with physiological features. Clinically important
EEG frequency ranges typically span from 0.3 to 70 Hz. We concentrated on five frequency
bands for the purposes of this paper: delta, theta, alpha, alpha, and gamma.

Clinical and cognitive neuroscience are becoming increasingly interested in these
historically recognized frequency bands, which are considered to control a variety of brain
activities. The event-related slow waves seen during activities that assess attention and
salience are thought to be caused by delta [47]. Most often, theta research focuses on
memory functions [48]. People who are relaxed and aware exhibit alpha waves, which
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are linked to the exact timing of sensory and cognitive inhibition [49]. Alpha waves are
also associated with alertness, engagement in active tasks, and motor action [50]. Finally,
gamma waves are hypotheszed to aid feature binding in sensory processing. They are
present during working-memory matching and numerous early sensory responses [51]. In
addition, slow waves are also associated with different lesions and functional dysfunction
of the brain, which are outside the scope of this paper.

According to some experts, this U-shaped profile in ASD could be partially explained
by aberrant gamma-aminobutyric acid (GABAergic) tone in inhibitory circuitry, which can
affect the brain’s functional and developmental plasticity [13,52].

Dendritic GABAergic inhibitory dysfunction has been connected to gamma band activ-
ity observed in EEG seizure recordings [52–54]. However, elevating GABA concentration
by giving the GABA antagonist vigabatrin to both rats and people has enhanced resting
delta power [55,56], demonstrating that the U-shaped spectral profile in ASD cannot be
fully explained by a simple decrease in GABA. In particular, GABAergic interneurons and
glutamatergic neurons’ N-methyl-D-aspartate receptors, which are regulated by dopamin-
ergic neurons in the thalamus, interact to produce thalamocortical delta oscillations. A
complicated network of neurochemical changes that impact the physiology of inhibitory
GABAergic interneurons and their control of excitatory activity in pyramidal cells may be
the cause of the power anomalies in ASD. The so-called gamma binding has been related to
cognitive processes [57].

During normal brain development, synaptogenesis allows for ongoing changes in
both short- and long-range neural circuitry, weakening functional connections between
nearby brain regions, while bolstering connections between various regions of the brain [58].
Developmental disorders like autism may alter the pathway, leading to abnormal brain
connections. It is clear that ASD causes synaptic disruption both at the specific level of
individual axons and the more general level of brain networks [59,60].

5. Conclusions

Researchers may be able to evaluate the changes in brain function between people
with and without ASD by using qEEG coherence to look at electrical connection patterns.
Our findings, particularly that of a high left-to-right qEEG functional connectivity ratio,
indicate long-range underconnectivity and short-range overconnectivity with concurrent
aberrant lateralization in ASD. Based on these results, we believe that ASD is characterized
by a general trend toward the underexpression of low-band, widely distributed integra-
tive processes, which is offset by localized, high-frequency, regionally specialized, and
segregated processes.

Hence, clinical improvement and the disappearance of RPRs in our cases might be
due to a new balance in qEEG frequency bands and a more optimized organization of the
brain networks, improving long-range connectivities, mainly in the right hemisphere.

Author Contributions: R.M.: Conceptualization, Methodology, Validation, Formal analysis, Inves-
tigation, Resources, Writing—Original Draft; G.L.: Conceptualization, Methodology, Validation,
Formal analysis, Resources, Data Curation, Data Analysis; Writing-Original Draft; Supervision;
Project Administration; C.M.: Validation, Methodology, Formal Analysis, Resources, Data Curation,
Visualization, Writing; Y.M.-F.: Validation, Formal analysis, Resources, Data Curation; M.C.-A.:
Validation, Formal analysis, Data Curation, T.M.: Conceptualization, Methodology; E.C.: Conceptual-
ization, Methodology, Resources, Writing-Review; Supervision; Project Administration. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The work described has been approved in compliance with
The Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments
involving humans. The approvals were obtained by the Helsinki Committees of the University of
Haifa and the Institute for Neurology and Neurosurgery in Havana Cuba (Case Number INN2023-4).



Brain Sci. 2023, 13, 1147 10 of 12

Informed Consent Statement: Written informed consent was obtained from all participants involved
in the study.

Data Availability Statement: Data supporting the results may be found at: https://www.researchgate.
net/publication/372345066_Cognitive_Effects_of_Retained_Primitive_Reflex_Reduction_by_Lateralized_
Stimulation-Data, accessed on 19 July 2023.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Peng, J.; Zhou, Y.; Wang, K. Multiplex gene and phenotype network to characterize shared genetic pathways of epilepsy and

autism. Sci. Rep. 2021, 11, 952. [CrossRef]
2. Grossmann, T. Developmental Origins of the Pathway for Social Perception. Trends Cogn. Sci. 2021, 25, 546–547. [CrossRef]

[PubMed]
3. McPartland, J.; Volkmar, F.R. Autism and related disorders. Handb. Clin. Neurol. 2012, 106, 407–418.
4. Hodges, H.; Fealko, C.; Soares, N. Autism spectrum disorder: Definition, epidemiology, causes, and clinical evaluation. Transl.

Pediatr. 2020, 9 (Suppl. S1), S55–S65. [CrossRef] [PubMed]
5. Weiss, E.O.; Kruppa, J.A.; Fink, G.R.; Herpertz-Dahlmann, B.; Konrad, K.; Schulte-Rüther, M. Developmental Differences in

Probabilistic Reversal Learning: A Computational Modeling Approach. Front. Neurosci. 2021, 14, 536596. [CrossRef] [PubMed]
6. Wing, L.; Gould, J.; Gillberg, C. Autism spectrum disorders in the DSM-V: Better or worse than the DSM-IV? Res. Dev. Disabil.

2011, 32, 768–773. [CrossRef]
7. Zappella, M. Reversible autism and intellectual disability in children. Am. J. Med. Genet. Part C Semin. Med. Genet. 2012,

160, 111–117. [CrossRef]
8. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric Association:

Washington, DC, USA, 2022. [CrossRef]
9. Tan, C.; Frewer, V.; Cox, G.; Williams, K.; Ure, A. Prevalence and Age of Onset of Regression in Children with Autism Spectrum

Disorder: A Systematic Review and Meta-analytical Update. Autism Res. 2021, 14, 582–598. [CrossRef]
10. Tanner, A.; Dounavi, K. The Emergence of Autism Symptoms Prior to 18 Months of Age: A Systematic Literature Review.

J. Autism Dev. Disord. 2021, 51, 973–993. [CrossRef]
11. Bosl, W.; Tierney, A.; Tager-Flusberg, H.; Nelson, C. EEG complexity as a biomarker for autism spectrum disorder risk. BMC Med.

2011, 9, 18. [CrossRef]
12. Duffy, F.H.; Als, H. A stable pattern of EEG spectral coherence distinguishes children with autism from neuro-typical controls—A

large case control study. BMC Med. 2012, 10, 64. [CrossRef]
13. Wantzen, P.; Clochon, P.; Doidy, F.; Wallois, F.; Mahmoudzadeh, M.; Desaunay, P.; Christian, M.; Guilé, J.M.; Guénolé, F.; Eustache,

F.; et al. EEG resting-state functional connectivity: Evidence for an imbalance of external/internal information integration in
autism. J. Neurodev. Disord. 2022, 14, 1–4.

14. Gabard-Durnam, L.; Tierney, A.L.; Vogel-Farley, V.; Tager-Flusberg, H.; Nelson, C.A. Alpha Asymmetry in Infants at Risk for
Autism Spectrum Disorders. J. Autism Dev. Disord. 2015, 45, 473–480. [CrossRef]

15. Cantor, D.S.; Thatcher, R.W.; Hrybyk, M.; Kaye, H. Computerized EEG analyses of autistic children. J. Autism Dev. Disord. 1986,
16, 169–187. [CrossRef]

16. Cantor, D.S.; Chabot, R. QEEG Studies in the Assessment and Treatment of Childhood Disorders. Clin. EEG Neurosci. 2009,
40, 113–121. [CrossRef] [PubMed]

17. Blanco-Gomez, G. The Development of Lateralized Brain Oscillations in Infancy: What We Can Learn from Autism. Master’s
Thesis, McGill University, Montréal, QC, Canada, 2023. Available online: https://escholarship.mcgill.ca/downloads/8s45qg021)
(accessed on 19 July 2023).

18. Chan, A.S.; Leung, W.W.M. Differentiating autistic children with quantitative encephalography: A 3-month longitudinal study.
J. Child Neurol. 2006, 21, 391–399. [CrossRef] [PubMed]

19. Balathay, D.; Narasimhan, U.; Belo, D.; Anandan, K. Quantitative assessment of cognitive profile and brain asymmetry in the
characterization of autism spectrum in children: A task-based EEG study. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 2023,
237, 653–665. [CrossRef] [PubMed]

20. Loth, E.; Spooren, W.; Ham, L.M.; Isaac, M.B.; Auriche-Benichou, C.; Banaschewski, T.; Baron-Cohen, S.; Broich, K.; Bölte, S.;
Bourgeron, T.; et al. Identification and validation of biomarkers for autism spectrum disorders. Nat. Rev. Drug Discov. 2016, 15, 70.
[CrossRef]

21. Melillo, R.; Leisman, G. Neurobehavioral Disorders of Childhood: An Evolutionary Perspective; Springer: Cham, Switzerland, 2010.
22. Fu, L.; Wang, Y.; Fang, H.; Xiao, X.; Xiao, T.; Li, Y.; Li, C.; Wu, Q.; Chu, K.; Xiao, C.; et al. Longitudinal Study of Brain Asymmetries

in Autism and Developmental Delays Aged 2–5 Years. Neuroscience 2020, 432, 137–149. [CrossRef]
23. Posar, A.; Visconti, P. Early Motor Signs in Autism Spectrum Disorder. Children 2022, 9, 294. [CrossRef]
24. Chandradasa, M.; Rathnayake, L.C. Retained primitive reflexes in children, clinical implications and targeted home-based

interventions. Nurs. Child. Young People 2023, 35. [CrossRef]



Brain Sci. 2023, 13, 1147 11 of 12

25. Grigg, T.M.; Fox-Turnbull, W.; Culpan, I. Retained primitive reflexes: Perceptions of parents who have used Rhythmic Movement
Training with their children. J. Child Health Care 2018, 22, 406–418. [CrossRef] [PubMed]

26. Thompson, A.K.; Wolpaw, J.R. Targeted neuroplasticity for rehabilitation. Prog. Brain Res. 2015, 218, 157–172. [CrossRef]
[PubMed]

27. van der Meer, A.; van der Weel, F.R. Motor Development: Biological Aspects of Brain and Behavior. In Oxford Research Encyclopedia
of Psychology; Oxford University Press: Oxford, UK, 2022.

28. Melillo, R.; Leisman, G.; Mualem, R.; Ornai, A.; Carmeli, E. Persistent Childhood Primitive Reflex Reduction Effects on Cognitive,
Sensorimotor, and Academic Performance in ADHD. Front. Public Health 2020, 8, 684. [CrossRef]

29. Melillo, R.; Leisman, G.; Machado-Ferrer, Y.; Chinchilla, M.; Machado, C.; Sheridan, S.; Melillo, T.; Carmeli, E. Cognitive effects of
retained primitive reflexes in autistic spectrum disorder. Front. Neurol. 2022, 13, 922322. [CrossRef] [PubMed]

30. Sigafoos, J.; Roche, L.; O’Reilly, M.F.; Lancioni, G.E. Persistence of primitive reflexes in developmental disorders. Curr Dev Disord
Rep 2021, 8, 98–105. [CrossRef]

31. Melillo, R.; Leisman, G.; Machado CMachado-Ferrer, Y.; Chinchilla-Acosta, M.; Melillo, T.; Carmeli, E. Identification and reduction
of retained primitive reflexes in autism spectrum disorder: Effects on qEEG networks and cognitive function. BMJ-CR, 2023,
in press.

32. Gadow, K.D.; Drabick, D.A. Symptoms of autism and schizophrenia spectrum disorders in clinically referred youth with
oppositional defiant disorder. Res. Dev. Disabil. 2012, 33, 1157–1168. [CrossRef] [PubMed]

33. Bitsika, V.; Sharpley, C.F. Neurobiological Concomitants of Autism as Informers of Clinical Practice: A Status Review. Adv.
Neurodev. Disord. 2023, 1–13. [CrossRef]

34. Silver, W.G.; Rapin, I. Neurobiological Basis of Autism. Pediatr. Clin. N. Am. 2012, 59, 45–61. [CrossRef]
35. Charman, T.; Pickles, A.; Simonoff, E.; Chandler, S.; Loucas, T.; Baird, G. IQ in children with autism spectrum disorders: Data

from the Special Needs and Autism Project (SNAP). Psychol. Med. 2011, 41, 619–627. [CrossRef]
36. Charman, T.; Jones, C.; Pickles, A.; Simonoff, E.; Baird, G.; Happé, F. Defining the cognitive phenotype of autism. Brain Res. 2011,

1380, 10–21. [CrossRef] [PubMed]
37. Canivez, G.L. Incremental criterion validity of WAIS–IV factor index scores: Relationships with WIAT–II and WIAT–III subtest

and composite scores. Psychol. Assess. 2013, 25, 484. [CrossRef]
38. Kaufman, A.S.; Flanagan, D.P.; Alfonso, V.C.; Mascolo, J.T. Test Review: Wechsler Intelligence Scale for Children, Fourth Edition

(WISC-IV). J. Psychoeduc. Assess. 2006, 24, 278–295. [CrossRef]
39. Brown, H.M.; Oram-Cardy, J.; Johnson, A. A Meta-Analysis of the Reading Comprehension Skills of Individuals on the Autism

Spectrum. J. Autism Dev. Disord. 2013, 43, 932–955. [CrossRef] [PubMed]
40. Mayes, S.D.; Calhoun, S.L.; Murray, M.J.; Morrow, J.D.; Yurich, K.K.; Mahr, F.; Cothren, S.; Purichia, H.; Bouder, J.N.; Petersen, C.

Comparison of scores on the Checklist for Autism Spectrum Disorder, Childhood Autism Rating Scale, and Gilliam Asperger’s
Disorder Scale for children with low functioning autism, high functioning autism, Asperger’s disorder, ADHD, and typical
development. J. Autism Dev. Disord. 2009, 39, 1682–1693. [CrossRef] [PubMed]

41. Pandolfi, V.; Magyar, C.I.; Dill, C.A. Constructs Assessed by the GARS-2: Factor Analysis of Data from the Standardization
Sample. J. Autism Dev. Disord. 2010, 40, 1118–1130. [CrossRef]

42. Lin, Y.-P.; Wang, C.-H.; Jung, T.-P.; Wu, T.-L.; Jeng, S.-K.; Duann, J.-R.; Chen, J.-H. EEG-Based Emotion Recognition in Music
Listening. IEEE Trans. Biomed. Eng. 2010, 57, 1798–1806. [CrossRef]

43. Aoude, A.A.; Motto, A.L.; Galiana, H.L.; Brown, K.A.; Kearney, R.E. Power-Based Segmentation of Respiratory Signals Using
Forward-Backward Bank Filtering. In Proceedings of the 2006 International Conference of the IEEE Engineering in Medicine and
Biology Society, New York, NY, USA, 30 August–3 September 2006; pp. 4631–4634. [CrossRef]

44. Lázár, A.S.; Lázár, Z.I.; Bíró, A.; Győri, M.; Tárnok, Z.; Prekop, C.; Keszei, A.; Stefanik, K.; Gádoros, J.; Halász, P. Reduced
fronto-cortical brain connectivity during NREM sleep in Asperger syndrome: An EEG spectral and phase coherence study. Clin.
Neurophysiol. 2010, 121, 1844–1854. [CrossRef]

45. Bogéa Ribeiro, L.; da Silva Filho, M. Systematic review on eeg analysis to diagnose and treat autism by evaluating functional
connectivity and spectral power. Neuropsychiat Dis. Treat. 2023, 19, 415–424. [CrossRef]

46. Machado, C.; Estévez, M.; Leisman, G.; Melillo, R.; Rodríguez, R.; DeFina, P.; Hernández, A.; Pérez-Nellar, J.; Naranjo, R.;
Chinchilla, M.; et al. EEG coherence assessment of autistic children in three different experimental conditions. J. Autism Dev.
Disabil. 2015, 45, 406–424. [CrossRef]

47. Knyazev, G.G. EEG delta oscillations as a correlate of basic homeostatic and motivational processes. Neurosci. Biobehav. Rev. 2012,
36, 677–695. [CrossRef] [PubMed]

48. Nowak, K.; Costa-Faidella, J.; Dacewicz, A.; Escera, C.; Szelag, E. Altered event-related potentials and theta oscillations index
auditory working memory deficits in healthy aging. Neurobiol. Aging 2021, 108, 1–15. [CrossRef] [PubMed]

49. Friston, K.J. Waves of prediction. PLoS Biol. 2019, 17, e3000426. [CrossRef]
50. Rahman, M.; Karwowski, W.; Fafrowicz, M.; Hancock, P.A. Neuroergonomics applications of electroencephalography in physical

activities: A systematic review. Front. Hum. Neurosci. 2019, 13, 182. [CrossRef] [PubMed]
51. Strüber, D.; Herrmann, C.S. Gamma Activity in Sensory and Cognitive Processing. In The Oxford Handbook of EEG Frequency;

Oxford University Press: Oxford, UK, 2022; p. 145.



Brain Sci. 2023, 13, 1147 12 of 12

52. Kang, J.; Song, J.; Casanova, M.F.; Sokhadze, E.M.; Li, X. Effects of repetitive transcranial magnetic stimulation on children with
low-function autism. CNS Neurosci. Ther. 2019, 25, 1254–1261. [CrossRef] [PubMed]

53. Milovanovic, M.; Grujicic, R. Electroencephalography in Assessment of Autism Spectrum Disorders: A Review. Front. Psychiatry
2021, 12, 686021. [CrossRef]

54. Buchanan, G.F. Slow Down and Seize: Seizures Triggered by Slow Wave Oscillations in a GABAergic Model of Dravet Syndrome.
Epilepsy Curr. 2023, 15357597231174111. [CrossRef]

55. Sears, S.M.; Hewett, S.J. Influence of glutamate and GABA transport on brain excitatory/inhibitory balance. Exp. Biol. Med. 2021,
246, 1069–1083. [CrossRef]

56. Fontes-Dutra, M.; Righes Marafiga, J.; Santos-Terra, J.; Deckmann, I.; Brum Schwingel, G.; Rabelo, B.; Kazmierzak de Moraes, R.;
Rockenbach, M.; Vendramin Pasquetti, M.; Gottfried, C.; et al. GABAergic synaptic transmission and cortical oscillation patterns
in the primary somatosensory area of a valproic acid rat model of autism spectrum disorder. Eur. J. Neurosci. 2023, 57, 527–546.
[CrossRef]

57. Adaikkan, C.; Tsai, L.-H. Gamma Entrainment: Impact on Neurocircuits, Glia, and Therapeutic Opportunities. Trends Neurosci.
2020, 43, 24–41. [CrossRef]

58. Leisman, G.; Machado, C. Many paths to consciousness or just one?: Life in a bounded continuum. J. Conscious. Stud. 2021,
28, 83–96.

59. Zikopoulos, B.; Barbas, H. Changes in Prefrontal Axons May Disrupt the Network in Autism. J. Neurosci. 2010, 30, 14595–14609.
[CrossRef] [PubMed]

60. Thomas, S.D.; Jha, N.K.; Ojha, S.; Sadek, B. mTOR Signaling Disruption and Its Association with the Development of Autism
Spectrum Disorder. Molecules 2023, 28, 1889. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


