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Editorial on the Research Topic
Physical and medical conditions associated with autism

This Research Topic, entitled “Physical and Medical Conditions Associated with
Autism,” aims to provide evidence and data to enhance our understanding of the
prevalence, causes, interventions, and long-term impacts of physical and medical
conditions in autistic individuals. The aim is to address these and other related
questions, while raising awareness of how associated physical and medical conditions
affect the lives of autistic individuals.

Certain physical and medical conditions, such as sleep-wake disorders, epilepsy, and
sensory impairments, are well-recognized as being more common among autistic individuals
compared to the general population. However, the prevalence and impact of other conditions,
including cardiovascular issues, immune dysregulation and inflammation, genetic conditions,
and constipation remain to be thoroughly established. The presence of these co-occurring
conditions can hinder the success of treatments and worsen the quality of life for both autistic
individuals and their careers. However, there are substantial gaps in the literature regarding
these co-occurring conditions in autistic individuals.

The Research Topic is now published and includes nine different papers written by
colleagues/samples from Europe (Spain, Italy, Netherlands, Romania), Asia (China and
Taiwan), America, and Australia. This Research Topic consists of five original articles, three
review articles, and one brief research report, published in 2022, 2023, and 2024.

1 Genetic and molecular mechanisms

This study by Zhou and Gao (2022) investigates the cuproptosis signaling pathway, a
novel form of regulated cell death, in the context of ASD. The researchers collected gene
expression profiles from brain samples of ASD model mice and blood samples from
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humans with ASD. They identified crucial genes in the cuproptosis
pathway, such as FDX1, DLAT, LIAS, and ATP7B, using machine-
learning models. The study found that the artificial neural network
(ANN) model had the highest accuracy, sensitivity, and specificity,
suggesting its potential for early ASD identification.

2 Immune dysregulation
and inflammation

The reviews by Erbescu et al. (2022) and Jyonouchi (2024)
explore the role of immune system dysregulation in autism
spectrum disorder (ASD) and the potential of anti-inflammatory
therapies. Erbescu et al. (2022) highlight the complex interaction
between the central nervous system and the immune system,
emphasizing the disruption of cytokine levels that contribute to
neuroinflammation in ASD. They discuss various immune
molecules involved in antigen presentation and inflammatory
responses, maternal immune activation, brain-reactive antibodies,
and autoimmunity as prenatal and postnatal factors in ASD
pathophysiology. Oxidative stress, mitochondrial dysfunction, and
gastrointestinal inflammation are also analyzed as contributing
factors. The importance of genetic and epigenetic factors linked to
immune dysregulation is highlighted, suggesting their potential as
biomarkers for ASD. Jyonouchi (2024) examines the potential of
anti-inflammatory therapies for ASD, noting that many
ASD subjects do not respond to first-line behavioral and
pharmacological interventions. The analysis focuses on the role of
neuroinflammation in ASD pathogenesis, influenced by genetic,
epigenetic, and environmental factors. Promising results from anti-
inflammatory therapies targeting metabolic changes and oxidative
stress are discussed. The study highlights the potential of repurposing
existing anti-inflammatory medications and the need for a deep
understanding of emerging agents, such as biologic and gatekeeper
blockers, tailored to specific inflammatory pathways in ASD patients.

3 Epidemiological and health profiles

The study by Vidriales-Fernandez et al. (2023) provides an
epidemiological analysis of the health 2,629 registries of autistic
individuals in Spain. It highlights a higher prevalence of nervous
system disorders, mental health diagnoses, and other co-occurring
conditions among autistic individuals. The study identifies increased
health risks for women, older individuals, and those with intellectual
disabilities, noting a high use of psychopharmacological treatments
from early childhood.

Lees study examines the link between early childhood
constipation and the risk of developing ASD, using a nationwide
population-based cohort in Taiwan. The research found that
constipated 3 year-old children had a significantly higher
incidence of ASD compared to non-constipated children. The
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study highlights the potential role of gut microbiota alterations in
ASD pathogenesis and emphasizes the importance of monitoring
gastrointestinal health in early childhood.

Distefano’s et al. (2023) study investigates the prevalence and
impact of sleep disorders in 163 preschool autistic children.
Children with poor sleep had higher scores in all areas assessed
by the Children’s Sleep Habits Questionnaire (CSHQ) and on the
Child Behavior Checklist (CBCL) across all domains. The analysis
showed that severe sleep disorders were linked to higher scores in
internalizing, externalizing, and total problems on the CBCL
syndromic scales, as well as on all DSM-oriented CBCL subscales.
Additionally, the study found that the connection between sleep
disorders and restricted and repetitive behaviors (RRBs) is
explained by anxiety-related symptoms. The findings highlight
the need for screening and early intervention for sleep problems.

4 Treatment and strategies

Liu’s et al. (2023) systematic review and meta-analysis evaluates
the efficacy of non-invasive brain stimulation (NIBS) in ASD. The
analysis of 22 randomized controlled trials shows positive effects of
NIBS on repetitive behaviors, cognitive function, and executive
function in autistic individuals. The findings call for more rigorous,
large-scale studies to validate its efficacy and establish standardized
treatment protocols.

Warreman et al. (2024)’s study explores the prevalence of
metabolic syndrome (MetS) in 17,705 adults with autistic traits.
The research finds that MetS is more common in females with high
autistic traits compared to those with low traits, while no significant
difference is observed in males. The study identifies associations
between MetS and poorer self-reported health, reduced physical
activity, and altered leukocyte counts. The findings underscore the
importance of cardiovascular prevention strategies tailored to
individuals with autistic traits, particularly females.

Yau et al. (2024)’s research investigates the barriers to effective
use of augmentative alternative communication (AAC) devices for
minimally verbal or nonspeaking Australian autistic individuals.
Through semi-structured interviews and focus groups with 30
parents, educators, and clinicians, the study identifies common
themes such as stakeholder knowledge, attitudes, stigma, resource
availability, AAC-user engagement, and device fit. The research
highlights contrasting perspectives among stakeholders, particularly
regarding stigma, resource struggles, and communication processes.

5 Conclusions

In summary, increased awareness of specific physical and
medical conditions associated with autism enables targeted
interventions and better outcomes. Comprehensive medical
assessments of autistic individuals are crucial to clarify their co-

frontiersin.org


https://doi.org/10.3389/fpsyt.2022.1006612
https://doi.org/10.3389/fpsyt.2024.1333717
https://doi.org/10.3389/fpsyt.2022.1006612
C:\Users\MoiraEstanislao\Desktop\6-17\EDITORIAL\fpsyt.2024.1447188\10.3389\fpsyt.2024.1333717
https://doi.org/10.3389/fpsyt.2023.1088727
https://doi.org/10.3389/fpsyt.2023.1116239
https://doi.org/10.3389/fpsyt.2023.1181466
https://doi.org/10.3389/fpsyt.2023.1147327
https://doi.org/10.3389/fpsyt.2023.1303840
https://doi.org/10.3389/fpsyt.2024.1385947
https://doi.org/10.3389/fpsyt.2024.1447188
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Micai et al.

occurring conditions, identify differential diagnoses, and decide on
tailored, individualized interventions.
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Autism spectrum disorder (ASD) is a neurodevelopmental condition
characterized by communication and social interaction deficits, and by
restricted interests and stereotyped, repetitive behavior patterns. ASD has a
strong genetic component and a complex architecture characterized by the
interplay of rare and common genetic variants. Recently, increasing evidence
suggest a significant contribution of immune system dysregulation in ASD.
The present paper reviews the latest updates regarding the altered immune
landscape of this complex disorder highlighting areas with potential for
biomarkers discovery as well as personalization of therapeutic approaches.
Cross-talk between the central nervous system and immune system has
long been envisaged and recent evidence brings insights into the pathways
connecting the brain to the immune system. Disturbance of cytokine levels
plays an important role in the establishment of a neuroinflammatory milieu in
ASD. Several other immune molecules involved in antigen presentation and
inflammatory cellular phenotypes are also at play in ASD. Maternal immune
activation, the presence of brain-reactive antibodies and autoimmunity are
other potential prenatal and postnatal contributors to ASD pathophysiology.
The molecular players involved in oxidative-stress response and mitochondrial
system function, are discussed as contributors to the pro-inflammatory
pattern. The gastrointestinal inflammation pathways proposed to play a
role in ASD are also discussed. Moreover, the body of evidence regarding
some of the genetic factors linked to the immune system dysregulation is
reviewed and discussed. Last, but not least, the epigenetic traits and their
interactions with the immune system are reviewed as an expanding field in
ASD research. Understanding the immune-mediated pathways that influence
brain development and function, metabolism, and intestinal homeostasis,
may lead to the identification of robust diagnostic or predictive biomarkers
for ASD individuals. Thus, novel therapeutic approaches could be developed,
ultimately aiming to improve their quality of life.

KEYWORDS

autism spectrum disorder, immune-related genes, cytokine, neuroinflammation,
epigenetic factors
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Introduction

Autism  spectrum  disorder (ASD) is a complex
neurodevelopmental condition with multifactorial etiology.
The clinical picture is characterized by social interaction
and communication deficits, as well as by restricted interests
and stereotyped and repetitive behavior patterns (1). ASD
prevalence has increased in recent decades, with current
estimates of at least 1% of all children (2, 3). ASD is primarily a
clinical diagnosis based on Diagnostic And Statistical Manual
Of Mental Disorders, Fifth Edition (DSM 5) criteria. Depending
on the degree of dependence on the entourage in the daily
life, there are three levels of ASD severity: level 1 (requiring
support), level 2 (requiring substantial support), and level 3
(requiring very substantial support) (1). ASD is characterized
by an important clinical heterogeneity, related primarily to the
severity of its specific features. Secondly, the heterogeneity lies
in the association of other neurologic and psychiatric conditions
such as epilepsy, motor abnormalities, intellectual disability,
attention deficit hyperactivity disorder, sleep disorders, anxiety,
and depression (4-7). In addition, a vulnerability to diverse
medical conditions, such as gastrointestinal diseases, allergies,
infectious disorders, immune dysfunctions, autoimmune
conditions, and less common, congenital cardiac anomalies
and hearing impairment, was observed in ASD populations
(7, 8). Autism is currently considered a spectrum of deficits,
across which a quantitative variation of behavioral and cognitive
impairments is observed (9). In addition to the neurobehavioral
phenotype, multiple systems and organs are involved, recent
research suggesting that alteration of pleiotropic genes (i.e., a
gene that independently influence several distinct phenotypic
traits) and disruption of essential molecular mechanisms might
underlie these various comorbid conditions (8).

ASD has a strong genetic component and a complex
architecture characterized by an interplay of rare and common
genetic variation (9-13). Various rare genetic variants with
major individual phenotypic effect were discovered and proved
to have a substantial contribution to ASD individual liability.
However, each of these anomalies are extremely rare, accounting
for <1% of ASD individuals (14-17). Common genetic
variation, on the contrary, is estimated to collectively account
as a major contributor to ASD liability, while individually has a
small effect size (10, 12). The sustained efforts to decipher ASD
genetics led to identification of many genes linked to ASD and
neurodevelopmental disorders (NDDs). Autism resources such
as SFARI Genes (https://gene.sfari.org/database/human-gene/,
accessed August 5th 2022), includes 1,075 genes to date. One
hundred and two genes were found to be strongly associated
with ASD and NDDs risk in one of the largest whole exome
sequencing studies (18). Immune response featured as one of the
main biological pathways in which these genes were involved,
beside neuronal communication, gene expression regulation,
and cytoskeleton organization (18).
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The extreme genetic heterogeneity of ASD is considered
explanatory for the high variability of clinical presentations.
However, there is a growing appreciation of the fact that the wide
spectrum of genetic defects seems to disrupt common molecular
functions and pathways (9, 19, 20).

Besides genetic factors and early lesions or immaturity of
the brain, environmental factors may play a role in ASD, by
themselves or in combination with the other risk factors. Air
pollution during pregnancy, or in the first year of life (21,
22), as well as exposure during pregnancy to heavy metals,
such as arsenic, cadmium, lead (23, 24), organic toxicants
(25), or pesticides (26) were proposed as risk factors for ASD
in offspring.

Nutritional deficiencies during pregnancy, such as low
levels of Vitamin D (27) further discussed in this paper, were
reported in various studies as factors that may contribute to an
increase risk of ASD in offspring (27). In addition, gestational
diabetes mellitus and hypertensive disorder of pregnancy may
be associated with a risk of ASD in offspring, however further
research is warranted to validate these findings (28, 29).

Genetic alterations in interaction with environmental risk
factors converge toward the immune system (30). The genetic,
epidemiologic, and immunologic studies bring new insights that
can facilitate patient stratification, clinical management, and
discovery of new therapeutic approaches.

The present paper reviews the updates regarding immune
dysregulation, immune-related risk genes/pathways in ASD,
highlighting some promising areas for potential biomarkers and
therapeutic targets discovery.

Immune system involvement in ASD

As the immune system is intricately linked to all systems
and organs, it plays an important role in maintaining the entire
body homeostasis. Crosstalk between the central nervous system
and immune system has been hypothesized previously; recent
evidence emerging from various studies of neuroanatomy,
neuroendocrinology and cell biology began to elucidate the
pathways connecting the brain to immune system (31). In
this regard, maternal immune activation appearing in the first
3 months of fetal development has been suggested to be
involved in the disruption of normal neurodevelopment (32).
Numerous ASD gene expression studies pointed toward an
immune system deregulation (33-35). Among the significantly
upregulated genes in postmortem ASD brain tissues, many
were identified to be involved in immune and inflammatory
response and other immune regulatory processes (33, 34).
Epigenomic players, such as microRNAs (miRNAs), were also
shown to be dysregulated in ASD individuals, in blood and brain
tissue (36, 37). These miRNAs target ASD genes and regulate,
in correlation with transcription factors, complex metabolic
and immune components (37). Additionally, genome-wide
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association studies brought new data on autistic-like traits or
ASD that were associated with common variation affecting
immune pathways (38, 39).

Dysregulation of both the innate and adaptive immune
responses appear to be involved in ASD (40-42). The innate
immune cells (e.g., monocytes, macrophages, and microglia)
as well as immune molecules associated with innate immune
responses were found to be altered in ASD individuals (40, 43—
46). Elevated levels of cytokines, such as interleukin (IL)-1 B,
IL-6, and tumor necrosis factor alpha (TNF- a), were detected
in the plasma or postmortem brain samples of individuals with
ASDs (40, 47-49). Besides monocytes, microglia have been the
focus of intense investigation in ASD research. Microglia acts
as an essential player in neural circuits formation; microglia
activation, by up-regulated IL-1p, IL-6, IL-17, IL-18, IL-33, and
TNF-a, has been proposed as a potential contributor to ASD
pathogenesis (30, 34, 48, 50, 51). Adaptive immune responses
are mediated by B and T lymphocytes (B-cells and T-cells)
as a response to antigen exposure. B-cells contribute to the
immune dysregulation in ASD, recent studies revealing high
levels of pro-inflammatory cytokines (IL-6 and TNF-a) and low
levels of anti-inflammatory cytokine - IL-10 in peripheral blood
lymphocytes of ASD children (52). The analysis of T helper cells
(Th cells) compartment and NK cell signaling pathways, placed
at the interface between innate and adaptive immune responses,
provided further evidence supporting the pro-inflammatory
ASD environment (40, 42, 53, 54).

Systemic and central nervous system (CNS) inflammatory
processes, through various immune cell compartments and
specific cytokine networks, lead to a marked neuroinflammation
suggested to contribute to ASD pathophysiology (50, 55-57).

Cytokine dysregulation in ASD

Cytokines are intercellular signaling molecules, responsible
for immune regulation and inflammatory responses; selected
cytokines panels proved useful biomarkers when studying
inflammation patterns (58-61). Cytokines are strictly linked to
the immune response, although they can influence a wide range
of different processes. Common and rare variants in cytokine
genes, other regulatory genes or enhancer elements have been
described in association with variation of cytokine levels among
healthy individuals (62). Moreover, genetic variation regulating
cytokine gene expression was associated with susceptibility
to various immune-mediated and complex disorders (63, 64).
The role of immune-related genes in ASD has been the
focus of many recent studies. Among all known cytokines,
IL-1 stands out as a molecule involved in many neuronal
physiological pathways. IL1-f modulates neural plasticity and,
historical examples show that IL1- is necessary for long-term
potentiation maintenance of hippocampal CAIl region (65).
Animal model studies using specific antagonists, such as IL-1RA,
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showed that low levels of IL1-f are essential for normal synaptic
plasticity (66), while abnormally elevated levels or depleted
IL-1 lead to memory impairments (67, 68). Proinflammatory
cytokines, such as IL-1, IL-6, TNF-a, and many others, have
been reported to be dysregulated in various neuropsychiatric
disorders (69, 70). Various members of IL-1 family, as main
inflammatory cytokines, were investigated in different cohorts
of ASD children. IL-1p triggers an inflammatory response
through lymphocyte and macrophage activation. A chronic
inflammatory state is sustained by increased tissue infiltration
of inflammatory cells mediated by IL-1p (71). Another pro-
inflammatory cytokine, IL-6 is an important immune factor
involved in brain development; IL-6 impairs neurons’ cellular
adhesion and migration, as well as synapse development (72,
73). TNF-a is essential to inflammation regulation, especially
inflammatory cytokine production (74); the impairment of
TNE-a synthesis has long been suggested as relevant for immune
disorders and complex diseases pathogenesis (75).

Analysis of peripheral cytokine messenger RNA (mRNA)
expression has shown that TNF-o and IL-6 were found
statistically significant up-regulated in the blood (76) and in B
cells of ASD subjects as compared to controls (52). Another
study confirming the cytokine inflammatory status in ASD has
shown that mRNA expression for IL-18, IL-4, IFN-y, IL-9,
Janus Kinase 1 (JAKI), and Signal transducer and activator of
transcription 5 (STAT5), in peripheral blood mononucleate cells
(PBMC), was found significantly elevated in ASD individuals
compared to controls (77). IL-31, coding another cytokine
involved in chronic inflammation (78) was found to be increased
in ASD. Pro-inflammatory cytokines production in stimulated
monocytic cells from peripheral blood was investigated by
Enstrom et al. in ASD (45). After stimulation with toll-like
receptors ligands, the monocytes had a significant increase in
IL-1 B, IL-6, and TNF-a secretion in ASD children compared to
typically developing age-matched controls. Ashwood et al. found
increased IL-1B, IL-6, IL-8, IL-12p40 plasma levels in children
with ASD; the increased cytokine levels seemed to be associated
with more severe symptoms of core ASD domains (40). Another
study has shown that ASD children had increased levels of
TNF-a protein and decreased expression of TNF and HNRNPL-
related immunoregulatory long non-coding RNA (THRIL) gene.
THRIL was shown to negatively regulate TNF-a expression in
macrophages, thus this regulatory pathway could be disturbed in
ASD individuals (79). The elevated peripheral proinflammatory
cytokines landscape showed a potential correlation with ASD
comorbidities, namely epilepsy; higher levels of IL-12p40 were
detected in ASD individuals having a positive seizure history
compared with ASD and no epilepsy (54).

IL-16, a chemoattractant that modulates T cell activation
was studied in ASDs PBMCs and several dysregulations
were found. Thus CD4-+IL-164, CD8+IL-16+, CD14+IL-
16+, CCR3+IL-16+, and CXCR7+IL-164 cells were found
increased in ASD with a concomitantly increased expression
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of IL-1B+IL-16+, IL-6+IL-164, and TNF-a+IL-16+-. All these
results qualify the chemoattractant IL-16 as another driver of
immune alteration (80).

In addition, several meta-analyses found significantly
increased peripheral pro-inflammatory cytokine levels, such as
IL-1B, IL-6, and IFN-y and decreased levels of transforming
growth factor (TGF)-1p as an anti-inflammatory cytokine, in
ASD individuals compared to controls (69, 81, 82).

Cytokine studies performed on blood spots from neonatal
cohorts allowed the assessment of circulating levels prior to
an ASD diagnosis. Krakowiak et al. showed that IL-1f and
IL-4 circulatory levels detected at birth are independently
associated with ASD, the clinical diagnosis being established
from 2 to 5 years of age. A correlation with ASD severity
was also observed, IL-4 being associated with severe forms of
ASD (according to Autism Diagnostic Observation Schedule
score) and IL-1fB with mild ASD. The increased expression of
IL-1B and IL-4 indicate prenatal immune abnormalities, and
thus support a potential contribution to ASD pathogenesis
(83). In another study, higher concentrations of IL-6 and IL-
8 were found in neonatal blood spots from individuals who
later developed ASD compared to the general population. In
addition, significantly increased eotaxin-1, IFN-y, and IL-12p70
levels were found when comparing ASD with children with
developmental delay (84).

Concordant results were obtained for adult psychiatric
disorders where circulatory cytokine levels were significantly
increased (IL1-RA, IL-18, TNE, IL-6, and C-Reactive Protein).
Over-expression of genes coding inflammatory molecules
was also observed to be positively correlated with disease
severity (85).

Adaptive immune responses are triggered by exposure to
antigens and are generally mediated by Th cells. Th cells can
be categorized, depending on the cytokines produced and their
functional consequences, into pro-inflammatory Thl or anti-
inflammatory Th2. Although various cytokine studies in ASD
children reported increased levels of either Th1 (40, 45, 86, 87)
or Th2 cytokines (88), the evidence converge toward a pro-
inflammatory ASD environment (40, 53, 54).

The immune dysfunction observed in ASD individuals is
also supported by post-mortem brain tissue and cerebrospinal
fluid (CSF) studies. Vargas et al. showed evidence for active
inflammatory processes in the cerebral cortex and cerebellum of
ASD patients, supported by elevated levels of cytokines such as
chemoattractant protein (MCP)—1 and IL-6 (48). Another study
showed the presence of elevated levels of IL-6, IL-8, TNF-a,
granulocyte-macrophage colony-stimulating factor (GM-CSF),
and IFN-y, with no significant differences for IL-4, IL-5, and
IL-10 between port-mortem brain samples from ASD and
control groups, thus pointing toward Thl pathway activation
and subsequently increased adaptive response (49). Increased
levels of IL-6 were found by Wei et al. in the cerebellum of
post-mortem tissue samples from ASD individuals and were

Frontiersin Psychiatry

10

10.3389/fpsyt.2022.1006612

interpreted as potential contributors to the alteration of the
balance between excitatory and inhibitory circuits (89).

CSF also proved valuable for immune-related detection
of biomarkers in ASD. Smedler et al. analyzed over 200
proteins from CSF and serum collected from twins with various
neurodevelopmental conditions including ASD, in a study
aimed to detect ASD markers. The study showed that autistic
behavior and ASD were associated with serum B-cell activating
factor (BAFF) and Cystatin B (CSTB) (90). BAFF is a cytokine
belonging to the TNF ligand family, known to be involved in
autoimmune disorders (91), as well as in psychiatric disorders,
such as schizophrenia and bipolar disorder (92). In an animal
model of ASD, it was shown that TNF superfamily member
13b gene (Tnfsf13b), encoding BAFFE, is up-regulated in the
prefrontal cortex; moreover, the study proposed Tnfsfl3b among
the immune genes that may play a role in social behavior
regulation (93).

Although  there
proinflammatory

are many studies
of ASD

dysregulation, some limitations of these studies must be

supporting a
component and immune
taken into account. As cytokine concentrations and ratio can
fluctuate, standardization is required with regard to the analysis
type, sample source and the molecular player examined (gene,
mRNA, protein and so on) (94).

An overview of the main immune cells and their secreted
cytokines involved in neuro-inflammation in ASD are presented
in Figure 1.

HLA and immunoglobulins dysregulation
in ASD

The major histocompatibility complex (MHC) region
is a complex genomic system localized on chromosome
6p21.3p22.1. It encompasses the human leukocyte antigen
(HLA) gene cluster, that has important biological roles in
immune system activity, as well as in neurodevelopment and
neuroplasticity (41, 95-98). HLA cluster is one of the most
polymorphic regions in the human genome and includes three
distinct functional classes annotated from I to III. Considering
the variety of functions of HLA genes in immune regulation
and nervous system development and homeostasis, numerous
studies suggested a connection between HLA alleles/haplotypes
and psychiatric disorders (35, 99, 100). Several association
studies revealed specific HLA alleles related to ASD, such as
HLA-DRBI and HLA-A2 (101-103). However, the analysis of the
complex MHC region in large autism genome-wide association
studies (GWAS) was hindered by the complexity and haplotype
diversity of this region, thus precluding further association of
HLA alleles and autism (12, 100).

Tissue expression levels of the HLA-DR alpha (HLA-
DRA), MHC class II cell surface receptor, were significantly
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Immune cells and their secreted immune-related molecules with potential roles in neuro-inflammation in ASD. Activated NK cells secrete
pro-inflammatory cytokines (IL-6, IL-8, IFN, and TNF) that activate macrophages (Mg) with enhanced secretion of IL-6, IL-1, and IL-17 that
impacts directly the microglial populations. Activated dendritic cells (DC) play a role in T and B lymphocytes activation, that enhance the
pro-inflammatory cytokine secretion as well as the differentiation of B cells in plasma cells. The auto-antibodies thus produced further attack

reduced in the gray matter of post-mortem ASD brain samples
compared to control samples. In addition, the expression of
the Mannose Receptor C-Type 1 (MRC1), an anti-inflammatory
gene, was found significantly increased in the white matter
of ASD MRCI+ cells are in the
neuroinflammatory cellular processes, namely in the removal of

individuals. involved
apoptotic/necrotic cells (47).

The pro-inflammatory microglia phenotype is characterized
by HLA-DR and CD68 expression. HLA-DR is mainly
T-cell
function, while CD68 is mainly associated with phagocytosis

involved in antigen presentation required for
functions (47). The alteration of their expression in the
post mortem ASD brain samples differs with regard to the
studied cerebral area (47, 48). MRCI1 activation induces
IL-10 secretion, while IL-10 induces MRCI expression in
cultured macrophages (104). The inflammatory alterations
reported by Sciara et al. within the brain tissue reside in
the increased vasculature areas and may lead to altered
myelination and, ultimately, may contribute to the complex
ASD phenotype (47).

In another study evaluating post-mortem brain tissue in
ASD, DiStasio et al. showed that the perivascular lymphocytic
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cuffs display increased numbers of lymphocytes in over
60% of the investigated ASD samples. Total T lymphocytes
predominate over B lymphocytes and cytotoxic T CD8+ over
helper CD4+ T lymphocytes. These perivascular lymphocytic
infiltrates are associated with astrocyte blebs irrespective of
the diagnostic age. The authors suggest that the astrocytic
blebs are the result of cytotoxic T-lymphocytes. Taking into
account the association of ASD with specific HLA alleles and
MHC molecules, the authors suggest that cytotoxic T CD8+
lymphocytes in ASD target MHC-expressing astrocytes (105).
The damaged astrocyte, damage performed directly or cytokine-
mediated, cannot offer metabolic support to axons, potentially
impairing axon function (106). This assertion sustains firstly
the direct immune involvement in the neuronal physiology and
secondly depicts the involvement of other related pathways,
like the metabolic ones. An interesting parallel with other
autoimmune diseases, has shown that in Type 1 Diabetes,
specific HLA alleles are associated with CD8+ T-lymphocyte
autoreactivity and islet autoimmunity promoting pancreatic
islet cell destruction (107, 108). Hence, MHC alleles specific
to ASD were reported several years ago (103). Another
hypothesis proposes that astrocyte/immune cells related markers
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detected in CSF or serum can represent future biomarkers in
ASD (105).

Immunoglobulins (Ig) represent another category of
immune-related molecules that have been recently gaining
interest in ASD research. A review study published in 2012
focused on the maternal-fetal transfer of brain-reactive
antibodies and its impact on the risk of developing ASD
suggesting that these antibodies may play a role in the behavioral
outcome (109). Also, cerebellar-specific autoantibodies were
found in children with ASD, correlated with lower adaptive and
cognitive function; however, the study could not determine a
clear pathogenic significance of this phenomenon (110). These
antibodies cross the placenta, recognize self-proteins and can
hinder fetal development, as blood brain barrier is still not
completely formed (111). Therefore, maternal autoantibodies
may be proposed as markers for ASD diagnosis (35, 112).
Autoantibodies toward folate receptor alpha (FRa) were also
found in ASD children, autoantibodies that are involved in
autoimmune diseases development and oxidative stress (113).
These autoantibodies hinder folate passage across the blood-
brain barrier to the brain. The mothers of ASD children can
have these types of autoantibodies leading to an impairment of
folate passage across the placenta. Another interesting area is
the rather complex folate-dependent one-carbon metabolism
including the methylation cycle, the trans-sulfuration pathway
and the folate cycle (114). These metabolic pathways are
linked to the DNA synthesis/repair, DNA, RNA and proteins
methylation, oxidative stress, cellular proliferation/apoptosis,
and many other processes (114) linking other complex
pathways that can relate to the pathophysiology of ASD (115).
Moreover, FRo autoantibodies that can impair folate transport
and oxidative biomarkers can lead to the discovery of new
therapeutic strategies (113).

Another interesting Ig molecule was recently associated with
ASD. IgA concentration and specificities are associated with
multiple factors (e.g., subject age, gut microbiota composition, T
cell abundance) (116). Hence, IgA was reported as significantly
elevated in the gut of ASD children (117). Virulence factor-
related gut microbiota (VFGM) genes were found positively
correlated to the IgA levels of ASD children; a specific VFGM
gene configuration was associated with ASD. VFGM genes
detected in ASD were found to be more diverse as compared
to typically developing children (118). Group B streptococcus
(GBS) genes represented the most prominent VFGM group
in ASD. In ASD animal models it was shown that maternal
GBS can induce autistic-like litter (119). Wang et al. have
shown that three bacterial lipopolysaccharide (LPS) genes (e.g.,
kfiC, Cj1137¢c, wlaN) were found significantly enriched in gut
microbiota of ASD children, positively correlating with gut
IgA and VFGM gene diversity (118). This study confirmed
the findings of an earlier experimental animal study (120).
Therefore, recent studies pinpoint that there are clear links
within the immune-gut-brain axis in ASD (121, 122), as further
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elaborated in the paper. Moreover, the regulation of intestinal
microbiota of pregnant female mice was shown to prevent
ASD-like behaviors in their offspring corroborated with a
normalization of pro-inflammatory cytokines IL-6 and IL-17a
(123). Therefore, dysregulated intestinal microbiota and its
potential role in sustaining the inflammation in ASD is a topic
to be developed in the near future (118).

Immune-related genes and pathways

In immune systems cells, cystatins are involved in
antigen processing and presentation, in phagocytosis, cytokines
modulation, and nitric oxide expression (124). Concomitantly,
cystatins are involved in neurogenesis processes and potentially
in synaptic plasticity, as showed in human studies and
animal models (125, 126). Cystatin B (CSTB) serum level
was strongly associated with autistic features in a recent twin
study on ASD and other neurodevelopmental disorders (90).
Moreover, Unverricht-Lundborg disease is a rare recessive
myoclonic epilepsy caused by pathogenic variants in CSTB gene
(omim.org/entry/254800, accessed on April 20, 2022). Although
the typical phenotype does not include autistic features, a recent
report of three patients with Unverricht-Lundborg disease
brought into attention ASD as part of the clinical picture (127).
Taking into account the potential roles of CSTB in the nervous
system, future studies are needed to establish if ASD is associated
with certain genetic defects in the CSTB gene.
other involved  in

Several immune-related  genes

immunologic disorders have also been investigated in
association with ASD. One example is the adenosine deaminase
(ADA) gene encoding the adenosine deaminase which plays an
important role in purine metabolism. Adenosine deaminase has
an important role in immune system function. When mutated it
induces a severe combined human immune deficiency (SCID),
profound lymphopenia on all classes and a dysfunctional
purine metabolism (128). Certain ADA alleles were reported as
associated with ASD in earlier studies. A significantly increased
frequency of ADA Asp8Asn polymorphism (ADA2 allele) was
reported by two independent case-control studies of individuals
with autism of Italian descent (129, 130). This variant has
been associated with a low-activity of the ADA enzyme (129).
However, no significant increase in the frequency of the
ADA?2 allele was observed in a case-control study of North
America ASD families, the authors suggesting the existence of
a potential risk haplotype in the Italian ASD population (131).
As other studies reported neurological and behavioral problems
in patients with ADA deficiency and SCID, but not autism
(132, 133), further studies are warranted in order to dissect the
ADA gene role in ASD.

Fibroblast growth factor (FGF) family is involved in complex
regeneration processes and initiates the inflammatory events
(134), having roles in brain development, regulating cortical
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size and connectivity as well (135). By using whole exome
sequencing to investigate Saudi families with ASD members,
Al-Mubarak et al. detected a rare variant of FGF5 among other
risk genes with roles in brain development and function (136).
Several lines of evidence suggested that dysregulation of FGF
signaling may contribute to ASD pathophysiology (137-139).
Specifically, the macrocephaly observed in early childhood in
ASD which is attributed to increased head growth mainly in
the first 2 years of life, is hypothesized to be, at least in some
children, caused by alterations in FGF genes expression (135).
Similarly, the lipid and protein phosphatase and tensin homolog
(PTEN) regulates the physiology of many immune cells as well
as embryonic stem cells proliferation, including the neurogenic
ones (135, 140). The signaling downstream from cytokine
and T- and B-cell receptors, integrins, and growth factor
receptors depends on PTEN activity. Therefore, mutations in
PTEN gene have tremendous effect, like dysfunction of the
immune system, autoimmunity, and lymphoid hyperplasia
(141). Germline mutations in PTEN were initially reported
in individuals with autosomal dominant forms of familial
tumor predisposition syndromes (142, 143), currently termed
as PTEN hamartoma tumor syndrome; some of these presented
neurodevelopmental problems, including ASD (144). Several
studies reported heterozygous germline PTEN mutations in
individuals with macrocephaly, developmental delay and ASD,
leading to delineation of a new syndrome, Macrocephaly/autism
syndrome (MIM605309) (145, 146). Studies on animal models
showed that PTEN selective deletion in cerebral cortex and
hippocampus neurons leads to macrocephaly and behavioral
abnormalities (147). The individuals with PTEN variants
display a various spectrum of immune dysfunction. This
varies from asymptomatic lymphopenia to different forms
of lymphoid hyperplasia, such as hyperplasia of the adenoids
and/or tonsils leading to recurrent upper respiratory tract
infections, gastrointestinal polyps with follicular lymphoid
hyperplasia, adenoid lymphoid hyperplasia, and thymus
hyperplasia (148-150).

In the last years, numerous studies revealed an overlap
between autism and cancer genes with many common genes
involved in major cell-signaling pathways and metabolic
processes dysregulation (151). Among these, the genes involved
in PI3K-Akt-mTOR signaling axis, such as PTEN, NFI
(neurofibromin 1), TSCI(TSC complex subunit 1), TSC2 (TSC
complex subunit 2), were associated with inherited risk for both
cancer and ASD (152, 153).

Alternative splicing and co-expression analyses of total RNA
from PBMC isolated from ASD twins and their parents has
shown that zinc finger protein 322 (ZNF322) and nuclear
receptor subfamily 4 group A member 1 (NR4Al) display
differentially alternative splicing (154). ZNF322 is a member of
the zinc-finger transcription factor family with a putative role
in regulation of the ubiquitous MAPK signaling pathways (155)
while NR4A1 is a key general regulator in the induction of T cell
dysfunction (156). Since the genes coding these molecules seem
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to play crucial roles in their networks, further studies for their
testing and validation as biomarkers for ASD are needed.

Another molecule linked to the immune system function
is vitamin D. Besides the roles played in calcium homeostasis,
vitamin D has important immune functions (157). Low levels of
vitamin D were reported in association with increased levels of
proinflammatory cytokines in various disorders such as cancer
and psychiatric conditions (158-162). Specifically, vitamin D
metabolites have a regulatory repressive effect on IL-8 promoter
activation, through vitamin D receptor (VDR) stimulation (163).
Animal model studies and human epidemiological studies also
suggested that vitamin D deficiency has an important impact
on nervous system development (164-166). The assessment
of vitamin D deficiency during pregnancy in two population-
based cohorts from the Netherlands (165) and Sweden (166)
showed association with a greater risk of ASD occurrence
in offspring. As vitamin D acts upon binding to vitamin D
receptor (VDR), common variants in VDR gene (e.g., Fokl,
Bsml, Apal, and Taql polymorphisms) were investigated for
their functional consequences on the Vitamin D-VDR complex.
These polymorphisms were also investigated in association
with various disorders such as immune disorders, cancer,
and neuropsychiatric disorders, including autism (167-170).
Although some positive associations were found, conflicting
results were also generated drawing the attention toward factors
such as methodological and cohort differences between the
associations studies, as well as environmental effect upon
genes and gene-to-gene interactions. A more recent genotyping
study of the above-mentioned polymorphism in ASD children,
their parents, healthy siblings and controls showed that FokI
polymorphism was robustly correlated with ASD; in addition,
the frequency of Fokl polymorphism in mothers of ASD
children revealed an increased risk of having a child with
ASD. Authors point out that FokI (T) minor allele codes
for a less active protein in comparison to the FokI (C)
allele. Therefore, a reduced biological activity of VDR-vitamin
D complex is envisaged which may explain the sustained
inflammation in pregnant mothers and ASD children with FokI
(TT) genotype (171).

Mitochondrial biology dysfunctions and
oxidative stress in ASD

The imbalance between production and removal of
reactive oxygen species (ROS) generating oxidative stress
has recently gained attention in autism research (172-175).
ROS are physiologically produced to kill pathogens or as
metabolic intermediates. ROS are generated from electron
transport chains, drug metabolism, from exposure to chemicals,
pollutants, and/or upon radiation. Nicotinamide adenine
dinucleotide phosphate oxidase (NOX) isoforms generate
endogenous ROS, and are localized to various cellular
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membranes being involved in acute and chronic brain diseases
(176). Monocyte—macrophage lineage and neutrophils are
the main immune cells that generate ROS. ROS constitute the
first line of defense against pathogens, but these species also
regulate the activity of innate and adaptive immunity. As a
primary or secondary signal molecule, ROS are involved in
various pro-inflammatory mechanisms (177) including neuro-
inflammation (178). B lymphocytes from ASD individuals
showed increased gene expression of toll like receptor 4 (TLR4)
and nicotinamide adenine dinucleotide phosphate oxidase 2
(NADPH oxidase2—NOX2) (179). At the same time, T cells
displaying the similar feature and contributing to the oxidative
stress governed by innate cells (180) (Table 1).

Another enzyme, myeloperoxidase (MPO) is primarily
located in immune cells and plays an important role in
the immune system, which produces some ROS, particularly
hypochlorous acid (HOCI) having the purpose to kill invading
pathogens (181). A recent study showed that serum MPO
was found significantly higher in ASD compared to control
subjects (182). Another important species, nitric oxide (NO) is
generated by NO synthases (NOSs) involved in physiological
and pathological conditions (183, 184). Interestingly, low
concentrations of NO generated by neuronal NOS or endothelial
NOS have a physiological neuroprotective function and are
involved in the signaling pathway, while higher concentrations
of NO synthesized by inducible NOS (iNOS) are neurotoxic
(183, 184). iNOS was found in various cell types of the immune
system, such as macrophages, dendritic cells, neutrophils, to
non-immune cells like epithelial cells from the gut and lung
mucosa, smooth muscle cells, and stromal cells of secondary
lymphoid organs (178). This was linked to ASD (185) and may
be involved in damaging the DNA as well as the enzymatic
apparatus that regulates the neurotransmitters (174, 180).
Multiple dysregulated molecular players were identified by
various studies focused on the oxidative stress in ASD children.

Increased gene expression of IL-6 and of HSP70i (a stress
protein) and increased plasma levels of peroxiredoxin (2 and
5) were found by Abruzzo et al. in ASD children compared to
controls (186). Peroxiredoxin is a peroxide scavenger, molecular
chaperone and contributor to modulation of the cytokine
storm Assuming the role of stress proteins involvement in
neuroinflammation, this opens avenues for potential ASD’s
new therapeutic approaches and for plasma peroxiredoxin as a
possible biomarker/indicator of disease severity (186).

Significant increase of oxidative DNA damage was found
in peripheral lymphocytes from ASD individuals, along with
increased plasma ceruloplasmin and copper concentrations,
thiol proteins, and superoxide dismutase (SOD) levels, while
vitamin C and A levels had lower values in comparison to
controls (113). SOD enzymes play critical roles in cell protection
against ROS by converting the superoxide to hydrogen peroxide
(H202) (187). Sequence polymorphisms in the genes encoding
for SOD enzymes, namely SODI, SOD2, and SOD3 were
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investigated in several human disorders (187-189). SODI is
associated with familial amyotrophic lateral sclerosis (MIM
# 105400), mutations in this gene being reported in ~20%
of patients (https://www.omim.org/entry/105400, accessed on
April 22, 2022). Two single nucleotide polymorphisms in SOD1
(rs2234694 and rs36233090) were reported in correlation with
an increased ASD risk. These variants are localized in non-
coding regions of the gene and are predicted to have regulatory
effects (187). It was recently shown that within harvested
neutrophils and monocytes from ASD patients there is an
increased SOD expression. However, this is associated with
upregulated expression of nitrotyrosine (a marker of oxidant
damage), proving the dysregulated antioxidant network (190).
Similar results were obtained in T cells from ASD patients,
namely an increased antioxidant potential coupled with an
inflammatory pattern (191).

Another recent study explored the genetic polymorphisms
of glutathione transferases (GSTs) in ASD (192), enzymes
with multiple functions, such as inactivation of epoxides
and hydroperoxides, molecules generated during oxidative
stress. Moreover, GSTs are involved in the synthesis of
important biomolecules such as prostaglandins, leukotrienes,
and hormones (testosterone and progesterone) (193). Six GSTs
gene subfamilies have been described (194), with several
highly polymorphic members. Several polymorphisms which
influence gene transcription and cause functional alterations
at protein level were identified, such as homozygous deletions
in glutathione S-transferase mu 1 (GSTM1I), glutathione S-
transferase theta 1 (GSTT1) and single nucleotide polymorphism
in glutathione S-transferase pi 1 (GSTPI), glutathione S-
transferase alpha 1 (GSTAI) genes (192). GSTMI null allele
was identified as a potential risk factor of ASD in offspring
of mothers receiving medication during pregnancy. This
highlights the fact that oxidative stress-related genetic factors
added to the environmental factors may contribute to ASD
development (192).

Mitochondria play a myriad of physiological functions in
metabolism (e.g., glucose oxidation, biosynthesis of fatty acid,
amino acid and hormones), ROS signaling, cellular survival
regulation including apoptosis and innate immunity (195).
Recently reviewed by Chen et al. mitochondrial dysfunction
and oxidative stress activate the innate immune system
with deleterious roles in inflammatory-related (196) and
various autoimmune diseases (197), cancer (198), neurological
disorders (199), and diabetes (200). Bennuri et al. studied the
consequences of prolonged ROS exposure in a lymphoblastoid
cell line (LCL) model of ASD, mainly the adaptive changes
that occur in mitochondria function. Gene expression changes
were detected, with increased expression for SOD2, uncoupling
protein 2 (UCP2), and mammalian target of rapamycin kinase
(MTOR) genes. Also, an increased expression of protein kinase
AMP-activated catalytic subunit alpha 2 (PRKAA2) gene was
observed with potential functional consequences on mTORC1
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(201). All these genes are highly involved in mitochondrial
respiration. Prolonged exposure to ROS induced changes in
mitochondrial respiration. It was also suggested that mTORCI
pathway regulates mitochondrial activity in ASD in relation
to S6 kinase beta-1 (S6K1) regulation. S6K1 pathway activated
by mTORCI, can sustain mitochondrial response to stress.
Therefore, in the context of chronic oxidative stress, normalizing
mitochondrial functionality in ASD individuals can gain new
therapeutic value (201). In a Chilean cohort of children with
ASD a significant increase of the mitochondrial DNA levels
was reported along with an increase in the protein oxidation
(189). The study also proposed a screening of gene expression
in a panel of genes relevant for mitochondria function,
consisting of HIG1 Hypoxia Inducible Domain Family Member
2A (HIGD2A), superoxide dismutase 2 (SOD2), mitofusin 1
(MFN1), mitofusin 2 (MFN2), dynamin 1 like (DRP1), fission
mitochondrial 1 (FISI), and OPA1 mitochondrial dynamin like
GTPase (OPAI). However, the only gene expression change
that reached statistical significance was the increased expression
of MFN2 (189). Mitochondria are organelles characterized
by structural and molecular dynamics undergoing fusion and
division (202). All the above-mentioned genes are involved
in the fusion/division processes in mitochondria. Probably
the increase in mitochondrial DNA levels identified in ASD
children is a compensatory process aimed at maintaining the
mitochondrial functions (189).

Oxidative stress, caused by ROS or reactive nitrogen species,
may disrupt the homeostasis of many cells and tissues, leading
to mitochondrial and metabolic dysfunctions, altered immune
responses, and central and systemic inflammation (177). The
full understanding of the role of oxidative stress in ASD is still
a matter of intense research and may open future perspectives
for a better understanding of ASDs.

Table 1 depicts oxidative stress and antioxidants in different
immune cells (B cells, T cells, monocytes, neutrophils) relevant
for ASD individuals.

The complex network of genes that encode immune systems
elements and immune-related ones in ASD is briefly outlined in
Figure 2 and summarized in Table 2.

Immune-gut axis in ASD

Microbiome composition differs in ASD individuals
compared with typically developing ones (203), and numerous
reports describe gut dysbiosis associated with metabolic
imbalance and immune dysregulation in ASD. The question to
be answered is if the gut dysbiosis is a consequence or a cause
of ASD? Recent studies tried to answer this question and to
decipher the genetic factors that intermingle in ASD with the
triad microbiota-metabolism-immune system (122, 204, 205).
The gastrointestinal system (GI) is intricately connected with
the immune system, and chronic inflammatory processes are
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suggested to contribute to the GI symptoms which frequently
occur in individuals with ASD (206-208). Intestinal barrier
dysregulations trigger pro-inflammatory processes and release
pro-inflammatory cytokines and activated monocytes. These
can reach the blood-brain barrier through the bloodstream, thus
contributing to neuroinflammation (94, 209).

A whole-exome sequencing study in a group of ASD
children with GI symptoms performed by Liu et al. revealed
significantly increased single nucleotide variants (SNVs)
distribution in genes involved in innate immune response,
glycosylation and retrograde axonal transport. The identified
SNVs correlated with the microbiome composition and the
obtained data emphasized that the interaction of host genetics
and gut microbiome may induce immune deregulation and
metabolism inference (204). In another recent study, Wang et al.
showed that VFGM gene imbalance may reflect dysregulation
of the gut's immune function in ASD, and suggests common
mechanisms such as gut inflammation and gut microbiota
influencing neuroinflammation in ASD (118).

RNA sequencing (RNAseq) performed on GI tissue from
ASD children detected differentially expressed transcripts
(DETs) regulating immune and inflammatory response (210).
T cell receptor (TCR) activation was mainly depicted in Thl
and Th2 arms including multiple signaling pathways (e.g.,
iCOS-iCOSL TREM1, NF-kappaB, Toll-like receptor signaling).
Most of the identified DETs include metabolic pathways
(tryptophan, serotonin and melatonin degradation, ketogenesis,
ketolysis, oxidative phosphorylation), endocrine pathways
(activation of pregnane X receptor, retinoid X receptor, and
farnesoid X receptor) and mitochondrial dysregulation (210).
Tryptophan degradation was signaled as deficient in ASD,
being pointed out as a possible biomarker (211). A substantial
number of transcripts in the mitochondrial pathways were
found upregulated in GI-ASD, namely nicotinamide adenine
dinucleotide (NADH) dehydrogenase, NADH:ubiquinone
oxidoreductase core subunit 4L (ND4L), cytochrome B
(CYB), ubiquinol-cytochrome c¢ reductase core protein 1
(UQCRCI), and cyclooxygenases (COX)—COX1, COX2,
COX5B, COX6A1, COX6B2 (210). TNF-a transcript and other
additional TNF-related transcripts were found up-regulated
in both GI and peripheral lymphocytes in ASD children
(210, 212) contributing to the mitochondrial dysfunction
in the context of gut inflammation. Therefore, with regard
to the immune-gut axis in ASD, some important points
should be underlined. Taking into account that immune
dysregulation, immune and autoimmune diseases
described in ASD individuals or families (213), and that
gut microbiota imbalance has an important impact on both

were

immune and nervous systems, the interactions of brain, gut
and immune system may contribute to ASD pathophysiology
(118, 122, 205).

Gut microbiota, has an intense communication with
that the “Immune-Gut-Brain

many other systems so
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TABLE 1 Reactive oxygen species and anti-oxidants generated by immune cells in ASD.

Oxidative stress

10.3389/fpsyt.2022.1006612

Oxygen species Enzyme Innate immune Adaptive ASD References
cells immune cell
ROS: superoxide Nicotinamide adenine Monocyte, B lymphocytes Increased generation (176-178)
(02-), hydroxyl dinucleotide macrophage, increased NADPH
(OH), hydrogen phosphate (NADPH) neutrophils oxidase
peroxide (H202), oxidase
singlet oxygen (102)
T lymphocytes (180)
increased NADPH
oxidase
Hypochlorous acid Myeloperoxidase Granulocytes - Increased generation (182)
(HOCI) (MPO)
Nitric oxide (NO) Inducible nitric oxide Monocyte, - NO is neurotoxic (174, 180)
synthase (iNOS) macrophage,
dendritic cells,
neutrophils
Antioxidant mechanisms
Enzyme Action Cell source ASD References
Superoxide dismutase Conversion of All cells Increased levels are (113, 187, 190)
(SOD) superoxide to H202 found in neutrophils
and monocytes
Glutathione Inactivation of free All cells Decreased activity in (190)
peroxidase (GSHPx) peroxides in cells neutrophils and
monocytes
Glutathione reductase Provides reduced All cells Decreased activity in (190)
(GR) glutathione to control neutrophils;
ROS unchanged activity in

monocytes

axis” seems to have an important impact in
neurodevelopmental disorders.
A diagram of the putative interplay of the immune system-

gut microbiota and CNS dysregulation is presented in Figure 3.

Immune-related epigenetics of ASD

Epigenetics has followed the research foot-steps of genomics
and proteomics and, in recent years, it expanded in various
fields, from cancer (214) to autoimmune diseases (215),
aiming to explain complex biological processes. The epigenetic
machinery consists of a multitude of molecules and processes
that are interlinked. DNA methylation/demethylation, histone
modification, non-coding RNAs [e.g., long non-coding RNAs
(IncRNA), circular RNA, miRNA] are just a few molecular
players that can induce heritable phenotypic changes not
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affecting per se the DNA sequence. If epigenetics disrupts gene
expression it can lead to various major human pathologies and
epigenetics molecules can be markers for patients diagnostic,
stratification, and/or therapy (216).

Epigenetic changes are proposed ASD contributors, as
mediators at the crossroads between environmental factors
and genome during development (217, 218). DNA methylation
is essential for brain development, being one of the most
frequently studied epigenetic regulation mechanism (219,
220). Studies of genome-wide DNA methylation patterns
were performed on various tissues from ASD individuals,
such as blood (221), buccal epithelium (220, 222, 223),
brain (218, 224-226), cord blood and placenta (227-229).
Each of the above-mentioned tissues has advantages, such as
accessibility for peripheral tissues or a more homogeneous
cellular composition for buccal epithelium, as well as limitations,
such as extremely reduced sample sizes for post-mortem brain
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IL-1B, IL-1RA, IL-4,
IL-18, TNF-aq, IL-6,
IL-17
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The complex network of dysregulated genes encoding immune system elements and immune-related ones in ASD. Neuroinflammation can be
generated through dysregulated genes from three categories: genes that encode directly immune molecules, like cytokines and surface
molecules on the immune cells; genes that encode elements involved in major immune pathways like growth factors, proliferation processes;
genes that encode molecules involved in oxidative stress and mitochondria pathways. Created with BioRender.com.

~

/

tissue or cell heterogeneity for peripheral blood (220, 222).
Jangjoo et al. compared the genome-wide DNA methylation
(DNAm) profiles in blood samples from children with ASD
and typically controls and found no significant differences
between the two groups (221). However, a subset of ASD
children had a DNAm pattern distinct from the rest of ASD
children and from controls. These methylation differences were
mainly associated with deregulations of immune cell type
circulating proportions, although ASD risk genes were also
differentially methylated (221). Several studies reported brain
DNA methylation alterations, in areas such as prefrontal cortex,
temporal cortex, cingulate gyrus, subventricular zone, and
cerebellum, in ASD individuals compared to controls (218, 224—
226). These data indicate the existence of common differentially
methylated regions in ASD thus bringing new evidence that
support the role of epigenetic changes in ASD pathophysiology
and contribute to the discovery of new candidate genes (218,
224-226). The perinatal tissues, such as placenta and cord blood
revealed interesting data regarding epigenetic changes in early
developmental. Due to its distinct pattern of DNA methylation,
similar to oocytes and preimplantation embryos (230), placenta
proved to be a promising tissue for studying DNA methylation
changes in ASD (217, 228, 231). The detection of differentially
methylated regions in ASD, as epigenetic markers, highlight
the value of DNA methylation investigation prior to symptom
onset and bring novel insights for early recognition and
therapeutic approaches.

Non-coding RNAs are other epigenetic players recently
identified in ASD. Changes in the expression level of IncRNAs
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were reported in ASD as summarized in Table 3. Among
epigenetic regulators altered in ASD, several miRNAs involved
in the development of immune system and immune responses
were reported, along with those regulating major pathways like
PI3K/Akt/mTOR and epidermal growth factor receptor (EGFR)
intracellular signaling (232).

Several studies reported the involvement of small RNA
both in central nervous and the immune system regulation.
Down-regulation of hsa_can_1002-m was observed in the
cerebral cortex of ASD individuals. This miRNA is predicted
to modulate activity of EGFR and FGF receptor (FGFR)
signaling pathways which are involved in brain development and
inflammatory/immune processes (36).

A study using RNAseq analysis
lymphoblastoid cell lines derived from ASD children identified
a series of miRNAs with dysregulated expression. The predicted

recent small on

targeted genes of these miRNAs are involved in important
MAPK cytokine-cytokine
receptor interaction, spliceosome, calcium signaling, and WNT

pathways, such as signaling,
signaling. Further expression analysis of genes targeted by two
selected miRNAs, miR-181la-5p and miR-320a, which were
down-regulated in ASD individuals compared to controls,
showed dysregulation of genes involved both in the central
nervous and immune system, namely AKT serine/threonine
kinase 2 (AKT2), AKT serine/threonine kinase 3 (AKT3),
TNF-a, calcium/calmodulin dependent protein kinase II alpha
(CAMK2A), and beta (CAMK2B) (242).

Overall, the epigenetic changes in ASD can contribute
to altered gene of The

expression targeted  genes.
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TABLE 2 Summary of immune-related genes with dysregulated expression in various ASD studies.

Gene name Gene alteration detected in Protein function (https://www.uniprot.org/; https://
ASD studies (ref) www.ncbi.nlm.nih.gov/protein/)
NADPH Increased gene expression (179) Major subunit of the phagocytic NADPH oxidase which generates superoxide

oxidase2—NOX2
HLA-DRBI

HLA-A

Heat Shock 70 KDa
Protein 1A—HSP701
Interferon-gamma
IFN-y—IFNG
Interleukin 1
Receptor
Antagonist—ILIR1
Interleukin 6—IL-6

Interleukin 9—IL-9

Interleukin 10—IL-10

Interleukin 16—IL-16

Interleukin
17A—IL-17A
Mannose receptor
C-type 1—MRCI
Mammalian target of

rapamycin—MTOR

Neurofibromin

1—NF1

Protein kinase
AMP-activated
catalytic subunit
alpha 2—PRKAA2
Phosphatase and
tensin

homolog—PTEN

Human Leukocyte Antigen

(HLA)-DR4 polymorphic allele (103)

HLA-A2 polymorphic allele (103)

Increased gene expression (186)

Increased gene expression (52)

Increased gene expression (85)

Increased gene expression

(52,76, 186)

Increased gene expression (77)

Decreased gene expression (52)

Increased gene expression (80)

Increased gene expression (52)

Increased gene expression (47)

Increased gene expression (201)

Rare sequence variants (https://
gene.sfari.org/database/
human-gene/, accessed August 5th
2022)

Increased gene expression (201)

Rare sequence variants (https://
gene.sfari.org/database/
human-gene/, accessed August 5th

2022)

Part of HLA class II beta chain molecules. Presents antigens on antigen
presenting cells (APC), guiding antigen-specific T-helper effector functions
Belongs to HLA class I molecules. Presents antigens on APC cells, guiding
functions of antigen-specific cytotoxic CD8-positive T cells

Chaperone molecule involved in various cellular processes, with an essential role
in the protein quality control system

Belongs to type II interferon class molecules. Soluble cytokine which is produced
by innate and adaptive immune system cells

Belongs to interleukin 1 cytokine family. Inhibits the activities of IL-1A, IL-1B
and modulates a variety of immune and inflammatory responses related with
IL-1

Cytokine involved in various biological functions, with important role in
immunity, tissue regeneration, and metabolism

Pleiotropic cytokine involved in immune response, regulates the function of
various hematopoietic cells, stimulates cell proliferation, and prevents apoptosis.
IL-9 stimulates a receptor complex (IL-9R/IL2RG) which leads to activation the
JAK-STAT pathway

Pleiotropic cytokine with immunosuppressive activity. Receptor complex
ligation activates JAK/STAT signaling

Pleiotropic cytokine with chemoattractant function for a variety of CD4+
immune cells

Member of the IL-17 receptor family. Proinflammatory cytokine produced by
activated T cells

Type I membrane receptor involved in mediation of glycoproteins endocytosis
by macrophages

Serine/threonine protein kinase with central role in regulation of many
fundamental cell processes: cellular metabolism, growth and survival in response
to hormones, growth factors, nutrients, energy, and stress signals. mTOR
constitute the catalytic subunit of two distinct protein complexes: mTORC1
which promotes translation initiation and controls protein synthesis, and
mTORC2 which is a regulator of the actin cytoskeleton, and promotes cell
survival and cell cycle progression

Multifunctional protein involved in several cell signaling pathways (Ras/MAPK,
Akt/mTOR, cAMP/PKA) and regulates fundamental cellular processes, such as
proliferation and migration, cytoskeletal dynamics, neurite outgrowth,
dendritic-spine density, and dopamine levels

Catalytic subunit of AMP-activated protein kinase (AMPK), an important

energy-sensing enzyme with critical role in cellular energy status

Enzyme with tumor suppressor function. Presents dual specificity for protein and
lipid phosphatase. Regulates important cellular processes, such as proliferation,
differentiation, growth, migration, death, apoptosis of the cells through the
PI3K/AKT/mTOR signaling pathway
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TABLE 2 (Continued)

Gene alteration detected in
ASD studies (ref)

Gene name

10.3389/fpsyt.2022.1006612

Protein function (https://www.uniprot.org/; https: //

www.ncbi.nlm.nih.gov /protein/)

Superoxide dismutase

1—SOD1

Single nucleotide polymorphisms
(187)
Superoxide dismutase

2—SOD2

Increased gene expression (201)

Toll like receptor
4—TLR4

Increased gene expression (179)

Tumor necrosis factor

alpha—TNF (TNF-«)

Increased gene expression (52, 76)

Tuberous sclerosis Rare sequence variants (https://

1—TSCI gene.sfari.org/database/
human-gene/, accessed August 5th
2022)

Tuberous sclerosis Rare sequence variants (https://

2—TSC2 gene.sfari.org/database/
human-gene/, accessed August 5th
2022)

Uncoupling protein Increased gene expression (201)

2—UCP2

An antioxidant enzyme that metabolizes the free superoxide radicals in the body
to molecular oxygen and hydrogen peroxide

Member of the iron/manganese superoxide dismutase family with important role
in oxidative stress management

Member of the TLR family which plays an essential role in regulation of immune
responses to infection

Multifunctional proinflammatory cytokine that belongs to the TNF superfamily
involved in the regulation of a wide spectrum of biological processes including
cell survival, proliferation, differentiation, and cell death

Tumor suppressor. Interacts with TSC2 generating a protein complex which
negatively regulates mMTORCI signaling, the main regulator of anabolic cell

growth. Co-chaperone function inhibiting the ATPase activity of Hsp90
Tumor suppressor. Interacts with TSC1 and form the TSC protein complex

which controls cellular growth

Member of mitochondrial anion carrier protein family with important role in

prevention of oxidative stress

epigenetic alterations and the subsequent transcriptional
changes converge functionally to known ASD pathways
(243).
to environmental

Moreover, epigenetic modification in response

factors open new avenues toward
understanding this complex entity and possibly to therapeutic

interventions (244).

Discussion

ASD is a neurodevelopmental disorder characterized by
impairment of social interaction and communication, as well
as restricted interests and stereotyped and repetitive behavior
patterns (1).

ASD has a multifactorial etiology. The genetic and
detrimental
consequences primarily on the central nervous systems;

environmental risk factors interplay has
other systems such as the immune and digestive system are
also dysregulated. Sequence variants have been reported in
numerous genes, however there are still no “autism genes”
but “brain-genes” (https://staging.spectrumnews.org, Accessed
September 14th 2022). The epigenetic changes observed in
ASD can contribute to the altered gene expression of many
targeted genes. Moreover, the epigenetic changes in response to
environmental factors open new avenues toward understanding
this complex entity and possibly to therapeutic interventions
(243, 244).
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Among the environmental factors that increase ASD risk,
those acting in the prenatal period and in the maternal
environment in which the fetus is developing, are regarded as
the most harmful. Maternal immune activation, brain-reactive
antibodies and autoimmunity are proposed contributors to ASD
pathophysiology (32, 35, 111-113).

Both genetic and epigenetic factors can contribute to the
immune dysregulations in ASD. Early studies have shown
that PBMCs from ASD children are characterized by an
excess of pro-inflammatory cytokines, their function being
dysregulated by the lack of anti-inflammatory mechanisms
(245). Other studies have also provided evidence supporting the
role of IL-17A in neuro-inflammatory processes; in addition,
monocytes, B lymphocytes, and neutrophils produce oxidative
and inflammatory mediators (43, 44, 52). Recently NK cells
joined the immune arsenal proposed to contribute to neuro-
inflammation in ASD (246). Among the mediators of immune
dysregulation, cytokines are considered to have a major role.
IL-1 is involved in various neuronal physiological pathways,
e.g., modulation of neural plasticity, synaptic plasticity, neuronal
calcium signaling, thus has been in the spot light of ASD
research (66-68, 247). Other immune molecules, such as IL-
6, TNF-a, IL-8, IL-31, IL-16, and IL-12p40, also contribute to
the inflammatory milieu in ASD (45, 78, 80). Therefore, the
entire immune system, with its complex network of molecules
and immune cells, is involved in the dysregulation of innate and
adaptive immune responses in ASD. Oxidative stress is a direct
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consequence of immune dysregulation; this phenomenon has
been reported in many acute and chronic brain disorders (176,
186). ROS are involved in neuroinflammation, and although
the innate immune cells are the main source of ROS, adaptive
immune cells T and B cells also contribute to the oxidative
stress observed in ASD (178-180). The imbalance generated
by the increased ROS production and decrease of anti-oxidant
regulatory mechanisms leads to oxidative stress. Oxidative
stress, further dysregulates mitochondrial physiology, metabolic
pathways, gut homeostasis, and other immune responses,
contributing to neuroinflammation (177).

Further research on the proinflammatory molecular arsenal,
with its main players, the cytokines, may contribute to
establishing ASD immune endophenotypes, and consequently
driving current and future ASD therapeutic interventions
to more personalized approaches (248, 249). Moreover,
neurobehavioral symptoms severity appears to correlate with
the extent of systemic immune alteration (41). This opens
new perspectives for prediction of clinical evolution and
therapeutic guidance. The field of biological biomarkers in
ASD is promising, with current markers awaiting further
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validation and new markers being continuously discovered.
Panels of immune molecules have the potential to become robust
ASD-related biomarkers that may aid the diagnosis, patient
stratification, and monitoring (50).

Conclusions

Significant discoveries regarding the molecular and
of individuals with ASD have
been reported during the past years. Multiple studies

immunological features

have been focused on the genetic architecture of ASD,
known to be complex and highly heterogeneous. Gathering
prenatal and early post-natal comprehensive information,
individualized profiling can be done in order to advance
the clinical care toward precision medicine approaches
in ASD. Identification of immune-related genes and their
interactions on several levels has shown that the main
immune dysregulation resides in the inflaimmatory area
and  function.

impacting early neuronal development

Gene encoding immune molecules, such as cytokines
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TABLE 3 Non-coding RNAs found altered in ASD.

10.3389/fpsyt.2022.1006612

Symbol (Name) Expression sites (https://gtexportal.org/ Expression References
home/) level

RP11-466P24.2 (ENST00000502589) Various tissues, including white blood cells and brain Decreased (233)

SYP Antisense RNA 1-SYP-AS1 Brain and adrenal tissue Decreased (233)

(ENST00000527880)

Syntaxin Binding Protein 5 Antisense RNA Various tissues, including immune cells and nervous system; Decreased (233)

1-STXBP5-AS1 (ENST00000433499) found in breast cancer

Interferon Gamma Antisense RNA Various tissues, including immune cells and nervous system; Decreased (234)

1-IFNG-AS1 (ENSG00000255733) found in autoimmune-diseases

AK128569 (uc001mff.1) Various tissues, including immune cells, EBV transformed Increased (233)
lymphocytes

Synaptotagmin 9 Antisense RNA 1-SYT9AS, Various tissues, including basal ganglia Increased (233)

CTD-2516F10.2 (ENST00000504206)

Moesin Pseudogene 1 Antisense RNA Various tissues, including immune cells, nervous system, Increased (235, 236)

1-MSNP1AS (ENSG00000251593) endocrine system, and various internal organs

Ribosomal Protein S10 Pseudogene 2 Fetal temporal cortex and adult peripheral blood Increased (237)

Antisense RNA 1-RPS10P2-AS1

Long Intergenic Non-Protein Coding RNA Various tissues, including immune cells and nervous system; Increased (238)

693-LINC00693 found in autoimmune-diseases

Long Intergenic Non-Protein Coding RNA Various tissues, including lymph nodes, placenta, testis Increased (238)

689-LINC00689

Maternally Expressed 3-MEG3 Various tissues, including endocrine system, nervous system Increased (239)

(ENSG00000258663)

Nuclear Paraspeckle Assembly Transcript Various tissues, including immune cells, nervous system, Increased (240)

1-NEAT1 (ENSG00000245532) endocrine system, and various internal organs

Taurine Up—Regulated 1-TUG1 Various tissues, including immune cells, lymph nodes and Increased (240)

(ENSG00000253352) nervous system

SH3 And Multiple Ankyrin Repeat Domains Low expression in various tissues Increased (241)

2 Antisense RNA-SHANK2 AS
(ENSG00000226627)

and several other immune-related
antigen processing, oxidative stress

elements involved in

Funding

and mitochondrion

function converge toward the overall pro-inflammatory status
of ASD.

A better understanding of the immune-mediated pathways
and their impact on many other biological processes and
systems, such as metabolism, the endocrine and gastrointestinal
systems, may contribute to the discovery of new therapeutic
targets in ASD, ultimately aiming to improve the quality of life
of ASD individuals.
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Glossary

ADA, adenosine deaminase; AKT2, AKT serine/threonine
kinase 2; AKT3, AKT serine/threonine kinase 3; Apal,
abbreviation of a VDR gene polymorphism; ASD, autism
spectrum disorder; BAFE B-cell activating factor; Bsml,
abbreviation of a VDR gene polymorphism; CAMK2A,
calcium/calmodulin  dependent protein kinase II alpha;
CAMK2B, calcium/calmodulin dependent protein kinase
II beta; CCR3, C-C motif chemokine receptor 3; CD,
cluster of differentiation; Cjl137c, glycosyltransferase;
COX, cyclooxygenases; CSE cerebrospinal fluid; CSTB,
Cystatin B; CXCR, C-X-C motif chemokine receptor; CYB,
cytochrome B; DETs, differentially expressed transcripts; DNA,
deoxyribonucleic acid; DNAm, DNA methylation; DRPI,
dynamin 1 like; EGFR, epidermal growth factor receptor;
FGE fibroblast growth factor; FGFR, fibroblast growth factor
receptor; FISI, fission, mitochondrial 1; FokI, abbreviation
of a VDR gene polymorphism; FRa, folate receptor alpha;
GBS, group B streptococcus; GI, gastrointestinal system;
GM-CSE granulocyte-macrophage colony-stimulating factor;
GSTA1, glutathione S-transferase alpha 1; GSTM1, glutathione
S-transferase mu 1; GSTP1, glutathione S-transferase pi 1; GSTs,
glutathione transferases; GSTTI1, glutathione S-transferase
theta 1; H202, hydrogen peroxide; HIGD2A, HIG1 hypoxia
inducible domain family member 2A; HLA, human leukocyte
antigen; HLA-A, major histocompatibility complex, class I, A;
HLA-DRBI, HLA class II histocompatibility antigen, DRB1
beta chain; HOCI, hypochlorous acid; HSP70i, inducible heat
shock protein 70; IFN, interferon; Ig, immunoglobulins; IL,
interleukin; iNOS, inducible nitric oxide synthase; JAKI,
Janus kinase 1; kfiC, glycosyltransferase; LCL, lymphoblastoid
cell line; IncRNA, long non-coding ribonucleic acid; LPS,
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lipopolysaccharide; MAPK, mitogen-activated protein kinase;
MCP, macrophage chemoattractant protein; MFN1, mitofusin
1; MEN2, mitofusin 2; MHC, major histocompatibility complex;
miRNA, micro ribonucleic acid; MPO, myeloperoxidase; MRC1,
mannose receptor C-type 1; mRNA, messenger ribonucleic
acid; mTOR, mammalian target of rapamycin kinase; NADH,
the reduced form of nicotinamide adenine dinucleotide;
NADPH, nicotinamide adenine dinucleotide phosphate;
ND4L, NADH:ubiquinone oxidoreductase core subunit 4L;
NDDs, neurodevelopmental disorders; NF1, neurofibromin
1; NK, natural killer; NO, nitric oxide; NOSs, NO synthases;
NOX, nicotinamide adenine dinucleotide phosphate oxidase;
NR4A1, nuclear receptor subfamily 4 group A member 1;
OPA1, OPA1 mitochondrial dynamin like GTPase; PBMCs,
peripheral blood mononuclear cells; PRKAA2, protein kinase
AMP-activated catalytic subunit alpha 2; PTEN, phosphatase
and tensin homolog; RNA, ribonucleic acid; RNAseq, RNA
sequencing; RNS, reactive nitrogen species; ROS, reactive
oxygen species; S6K1, ribosomal protein S6 kinase beta-1; SCID,
severe combined human immune deficiency; SNVs, single
nucleotide variants; SOD, superoxide dismutase; STAT, signal
transducer and activator of transcription; Taql, abbreviation
of an VDR gene polymorphism; TCR, T cell receptor; TGE,
transforming growth factor; Th, helper cells; THRIL, TNF and
HNRNPL related immunoregulatory long non-coding RNA;
TLR4, toll like receptor 4; TNE, tumor necrosis factor; Tnfsf13b,
TNF superfamily member 13b gene; mTORCI, mechanistic
target of rapamycin complex 1; TSC1, TSC complex subunit 1;
TSC2, TSC complex subunit 2; UCP2, uncoupling protein 2;
UQCRCI, ubiquinol-cytochrome ¢ reductase core protein 1;
VDR, vitamin D receptor; VFGM, virulence factor-related gut
microbiota; wlaN, beta-1,3 galactosyltransferase; ZNF322, zinc
finger protein 322.
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Why not try to predict autism
spectrum disorder with crucial
biomarkers in cuproptosis
signaling pathway?
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Huai'an, China, ?Affiliated Hospital of Yang Zhou University Medical College, Huai'an Maternal
and Child Health Care Center, Huai'an, China

The exact pathogenesis of autism spectrum disorder (ASD) is still unclear,
yet some potential mechanisms may not have been evaluated before.
Cuproptosis is a novel form of regulated cell death reported this year, and
no study has reported the relationship between ASD and cuproptosis. This
study aimed to identify ASD in suspected patients early using machine learning
models based on biomarkers of the cuproptosis pathway. We collected gene
expression profiles from brain samples from ASD model mice and blood
samples from humans with ASD, selected crucial genes in the cuproptosis
signaling pathway, and then analysed these genes with different machine
learning models. The accuracy, sensitivity, specificity, and areas under the
receiver operating characteristic curves of the machine learning models were
estimated in the training, internal validation, and external validation cohorts.
Differences between models were determined with Bonferroni's test. The
results of screening with the Boruta algorithm showed that FDX1, DLAT, LIAS,
and ATP7B were crucial genes in the cuproptosis signaling pathway for ASD.
All selected genes and corresponding proteins were also expressed in the
human brain. The k-nearest neighbor, support vector machine and random
forest models could identify approximately 72% of patients with ASD. The
artificial neural network (ANN) model was the most suitable for the present
data because the accuracy, sensitivity, and specificity were 0.90, 1.00, and
0.80, respectively, in the external validation cohort. Thus, we first report
the prediction of ASD in suspected patients with machine learning methods
based on crucial biomarkers in the cuproptosis signaling pathway, and these
findings may contribute to investigations of the potential pathogenesis and
early identification of ASD.

cuproptosis, autism spectrum disorder, biomarkers, machine learning, artificial
neural network
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Introduction

Autism spectrum disorder (ASD) is defined as a group
of neurodevelopmental psychiatric disorders characterized by
deficits in social interactions, interpersonal communications,
and repetitive and stereotyped behaviors and can accompany
other disorders, such as intellectual and language disorders (1).
Although ASD can be diagnosed as early as 18-24 months of age,
a significant proportion of children are not identified until the
school years (2, 3). Early identification of ASD in children could
improve developmental outcomes and quality of life through
early intervention.

The genetic influence of autism is complex and possibly
related to environmental factors (4). ASD has been found to
be associated with many physiological abnormalities, including
reactive oxygen species (ROS), mitochondrial dysfunction,
intracellular calcium ion level regulation and even the gut
microbiota (5-7). However, there is no established biomarker
for ASD diagnosis. Thus, in the past, some physiological
processes and biomarkers for ASD and diagnosis may
have been ignored.

A recent study published in Science by Tsvetkov et al.
showed that intracellular copper (Cu) induced a novel form
of cell death (8), named cuproptosis. Cuproptosis is mainly
regulated by ferredoxin 1 (FDXI)-mediated mitochondrial
proteotoxic stress. The authors indicated that FDX1 could
reduce Cu?™ to Cu™ and promote the lipoylation and aberrant
oligomerization of DLAT, which is involved in the regulation
of the mitochondrial tricarboxylic acid cycle. Glutathione
(GSH) blocks cuproptosis by chelating intracellular Cu. In
addition, lipoic acid synthetase (LIAS) decreases cell sensitivity
to cuproptosis by blocking the lipoylation of proteins. Solute
carrier family 31 member 1 (SLC31A1) and ATPase copper
transporting beta (ATP7B) affect cuproptosis sensitivity by
regulating the level of intracellular Cu™. However, no study has
revealed the relationship between ASD and crucial genes for
cuproptosis thus far.

Predicting the incidence of disease has been a challenging
task in the past. In recent years, the development of machine
learning methods has allowed us to envision a future of
improved health care through the investigation of biomedical
profiles and patient datasets (9). A recent study showed
that the use of machine learning methods in Alzheimer’s
disease shows promise for the identification of novel molecular
characterizations (10), while those methods are not still being
investigated in ASD.

Hence, we aimed to investigate some novel biomarkers in
the cuproptosis signaling pathway for ASD through the use of
machine learning algorithms. To support our goals, we collected
gene expression profiles from brain tissue samples from ASD
model mice and peripheral blood samples from humans with
ASD. Then, we selected crucial genes in the cuproptosis
signaling pathway for ASD and verified these features with
different machine learning algorithms.
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Materials and methods
Data collection

The gene expression data of ASD mouse brain samples
were obtained from the Gene Expression Omnibus (GEO)
database (GSE72149 and GSE81501). The gene expression data
of peripheral blood samples from 20 children with ASD and
20 healthy control children were also obtained (GSE26415). All
genes in the expression profiles were annotated as unique gene
symbols, and expression values were transformed by log2. Then,
expression values were normalized with the “limma” package in
R software to achieve consistency and comparability between
arrays. The differentially expressed genes (DEGs) were screened
by the “limma” package according to a previous study (11). If the
p-value was < 0.01 between arrays, the corresponding gene was
considered a DEG.

Visualization of crucial genes in the
cuproptosis signaling pathway

We selected six crucial genes of cuproptosis regulation
reported as candidate biomarkers in a previous study, including
FDX1, DLAT, LIAS, GSH, ATP7B, and SLC31A1 (8). Selected
genes were visualized in a heatmap created with the “pheatmap”
package in R software.

Screened risk factor genes in the
cuproptosis signaling pathway

The FDX1, DLAT, LIAS, GSH, ATP7B, and SLC31Al
expression data were evaluated by the Boruta algorithm. The
Boruta method, which has shown reasonable reliability for
feature selection in many fields, and is considered one of the
most powerful algorithms for analyzing large data sets (12-14).
This method was built around the random forest classifier to
determine the relevance and importance of in relation to the
target variables (15). Thus, we used the Boruta algorithm to
select risk features in the present study.

We next divided the gene expression data of ASD mice into
a training cohort (70%) and an internal validation cohort (30%),
and the peripheral blood gene expression profiles of humans
with ASD were used as an external validation cohort.

Expression of selected genes and
subcellular localization in the human
brain

All selected risk genes in the cuproptosis signaling
pathway were detected in the Human Protein Atlas database
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(Version: 21.1).* This database maps all human proteins in
cells, tissues, and organs using an integration of various
omics technologies, including antibody-based imaging, mass
spectrometry-based proteomics, transcriptomics, and systems
biology (16). This database has been used in many studies
(17-19). The expression levels of four selected genes were
measured in different parts of the human brain, and protein
expression analysis was used to determine the locations of
protein expression in cells.

Verification with different machine
learning methods

The risk factor genes in the cuproptosis signaling pathway
screened with the Boruta algorithm were verified by five
frequently used machine learning methods, including
k-nearest neighbor (KNN), naive Bayesian (NB), support
vector machine (SVM) with polynomial kernel, random
forest (RF), and artificial neural network (ANN). All five
machine learning models were trained in the training cohort
and verified in the internal validation cohort and external
validation cohort.

k-nearest neighbor performs classification by assigning a
point to the class that is most prevalent out of the k points
closest to it (20). The k parameter was set between 2 and
20 in the present study, and the optimized k value was
chosen (usually an odd number). KNN was performed with the
“kknn” package in R.

Naive Bayesian is conducted based on Bayes’ theorem and
finds the probability that an input with some features belongs
to a certain class (21). NB was conducted by the “e1071”
package in R software.

Support vector machine performs input data as feature
vectors and calculates them in a space with the same
dimensionality, divides the data points into two categories, and
finally selects the optimal hyperplane (22). SVM was performed
by the “e1071” package in R software.

Random forest is made up of decision trees with slight
differences. RF can classify input data into the most common
classifications based on constituent decision trees (23). The
optimized number of trees was selected for the next validation,
and RF was pruned to combat their tendency to overfit. RF was
conducted by the “randomForest” package.

The ANN was made up of several layers of neurons and
could loosely mimic the learning method in human brains (24).
The number of hidden layers was set to five to six in the
present study, and the sigmoid function was used as the standard
activation method. ANN was performed with the “neuralnet”
package in R software.

1 https://www.proteinatlas.org

Frontiers in Psychiatry

10.3389/fpsyt.2022.1037503

Statistical analysis

The true condition was set to ASD or control in different
cohorts. The prediction accuracy and its 95% confidence interval
(CI) and kappa statistic values were calculated in the training,
internal validation, and external validation cohorts for all
models. For repeatability, a fixed seed number was set before
cross validation. Receiver operating characteristic (ROC) curves
were plotted for the internal validation cohort and external
validation cohort, and the area under the curve (AUC) was
calculated to examine the performance of different machine
learning models.

The “resamples” package in R was used to analyse and
visualize the performance of each model after cross validation.
Differences between paired machine learning methods were
determined with Bonferroni’s test (25).

Results
Data normalization and visualization

Twenty brain expression datasets of ASD and control mice
(10 each) were collected from GSE72149 and GSE81501. Twenty
peripheral blood gene expression profiles of children with ASD
and 20 age- and sex-matched peripheral blood gene expression
profiles of healthy controls were collected from GSE26415. The
flowchart of the data analysis is shown in Figure 1. As shown
in Figure 2, the expression data were normalized between the
arrays in each dataset.

Visualization of crucial genes in the
cuproptosis signaling pathway and the
selection of risk features for autism
spectrum disorder

The selected expression arrays in each cohort and crucial
genes in the cuproptosis signaling pathway were visualized with
a heatmap (Figure 2C). The results of Boruta analysis showed
that FDX1, DLAT, LIAS, and ATP7B were identified as feature
genes, and other genes were classified as unimportant feature
genes in the present data.

Expression of selected genes and the
location of proteins in the human brain

The expression profiles of humans with ASD were obtained
from blood; however, whether these risk genes are expressed in
the human brain is still unclear. Based on Human Protein Atlas
immunofluorescence analysis, FDX1, and DLAT were located in
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mitochondria, ATP7B was expressed in the Golgi apparatus, and
LIAS could be detected in mitochondria and the nucleoplasm
(Figure 3). In addition, the four selected genes were all expressed
in the main parts of the brain. Thus, these four genes could be
detected in the brains of mice and both the blood and the brains
of humans.

Modeling by k-nearest neighbor

The optimized k value was set as 11 (Figure 4A). In the
training cohort, the accuracy was 0.76 (95% CI, 0.60-0.88), and
the sensitivity and specificity were 0.80 and 0.72, respectively.
In the internal validation cohort, the accuracy was 0.67 (95%
CI, 0.51-0.87); the sensitivity and specificity were 0.80 and 0.50,
respectively; and the AUC was 0.650 (Table 1 and Figure 5A).
The accuracy, sensitivity, and specificity were 0.73 (95% CI,
0.56-0.86), 0.75 and 0.70, respectively (Table 1), and the AUC
was 0.725 in the external validation cohort (Figure 5B).

Modeling by naive Bayesian

The results showed that the accuracy of NB was 0.64 (95%
CI, 0.50-0.78), the sensitivity was 0.95, and the specificity
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was 0.36 in the training dataset. The accuracy was 0.56 (95%
CI, 0.41-0.78) and 0.55 (95% CI, 0.40-0.70) in the internal
validation cohort and external validation cohort, respectively.
The sensitivity of the internal validation cohort and external
validation cohort was 1.00, but the specificity was zero in the
internal validation cohort and only 0.1 in the external validation
cohort (Table 1). The AUC values were 0.500 and 0.550 in
the internal validation cohort and external validation cohort,
respectively (Figures 4D, 5C).

Modeling by support vector machine

The number of support vectors was 25 with the best SVM
model in the present study, and the performance of the SVM
is shown in Figure 4B. With the best SVM model, accuracy,
sensitivity, and specificity were 0.89 (95% CI, 0.74-0.96), 0.85
and 0.91, respectively, in the training cohort (Table 1). In the
internal validation cohort, the accuracy, sensitivity, specificity
and AUC were 0.68 (95% CI, 0.42-0.87), 0.80, 0.51, and 0.660,
respectively (Table 1 and Figure 5E). The accuracy, sensitivity,
specificity, and AUC were 0.75 (95% CI, 0.59-0.87), 0.75, 0.75,
and 0.750, respectively, in the external validation cohort (Table 1
and Figure 5F).
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FIGURE 2
autism spectrum disorder.

The visualization of gene expression profiles. The gene expression data were normalized between arrays of mouse brain (A) and human blood
(B). The crucial genes in the cuproptosis signaling pathway and the selected arrays of each dataset were visualized in a heatmap (C). ASD,

Modeling by random forest

The RF was performed with an optimized tree number
(Figure 4C). The accuracy, sensitivity and specificity in the
training dataset with RF were 0.83 (95% CI, 0.69-0.93), 0.95,
and 0.73, respectively. The accuracy, sensitivity, specificity and
AUC were 0.72 (95% CI, 0.52-0.90), 0.70, 0.75, and 0.725
in the internal validation cohort, respectively (Table 1 and
Figure 5G). In the external validation cohort, the accuracy,
sensitivity, specificity and AUC were 0.75 (95% CI, 0.59-0.87),
0.85, 0.65, and 0.750, respectively (Table 1 and Figure 5H).

Modeling by artificial neural network

We first trained the ANN model in the training cohort
(Figure 4D). After 43,703 steps, the accuracy was 1.00 (95%
CI, 0.92-1.00), and the sensitivity and specificity were 1.00 and
1.00, respectively (Table 1). Then, the parameters of the ANN
model that passed in the training cohort were applied in the
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internal validation cohort and external validation cohort. The
results showed that the accuracy, sensitivity, specificity and AUC
of the model were 0.78 (95% CI, 0.62-0.94), 1.00, 0.61, and
0.800, respectively, in the internal validation cohort (Table 1
and Figure 5I). In the external validation cohort, the accuracy,
sensitivity, specificity, and AUC were 0.90 (95% CI, 0.76-0.97),
1.00, 0.80, and 0.900, respectively (Table 1 and Figure 5J).

Evaluation of different machine
learning models and the selection of
the most suitable model

We evaluated the different machine learning models with
the “resamples” function in R software after cross validation.
The 95% CIs of the accuracy and kappa values after cross
validation in each model are visualized in Figure 6A. Paired
comparisons of the different models showed that the accuracy
was significantly different between ANN and NB (Bonferroni’s
test, p < 0.05) (Figure 6B). Although there was no significant
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The expression of selected genes in the brain. Based on the Human Protein Atlas, FDX1, DLAT, LIAS, and ATP7B could all be detected in 12 brain
regions. In the A-431 cell line, FDX1 protein and DLAT protein were located in mitochondria (A,B), and LIAS protein was located in mitochondria
and the nucleoplasm (C). ATP7B protein was also expressed in the Golgi apparatus in the CACO-2 cell line (D). The schematic graph shows the

main location of each protein in cells (E). The target proteins, nuclei and microtubules were stained green, blue, and red, respectively. nTPM,
normalized transcript expression values.
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difference between any of the other machine learning models
(p > 0.05), we considered ANN to be the most suitable model
for ASD prediction because of the high accuracy, sensitivity,
specificity, and AUC, especially in the external validation cohort.

Discussion

The prevalence of ASD has risen from 2 to 4 in 1,000
population to around 1% in large-scale population surveys
(26). In clinical practice, we find most children are diagnosed
between 2 and 3 years old. Briefly, ASD is much more common
than previously believed, yet clinicians are often still confused
regarding the early identification of ASD and its pathological
mechanisms (27). The selection of novel potential biomarkers
is crucial for the early identification and early treatment of
children with ASD.

Cuproptosis is a new form of programmed cell death that is
unlike apoptosis, pyroptosis, necroptosis, and ferroptosis (28).
We selected the expression profiles of crucial genes in the
cuproptosis signaling pathway from the brains of ASD mice
and the peripheral blood of humans with ASD. The results
of screening with the Boruta algorithm indicated that FDXI,
DLAT, LIAS, and ATP7B were crucial genes in the cuproptosis
signaling pathway for ASD in the present data. The results
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showed that ANN was the most suitable machine learning model
for ASD prediction based on cuproptosis-related genes for the
present cohort. This is the first study investigating biomarkers
of the cuproptosis signaling pathway for ASD through the use of
a machine learning algorithm.

Over the last 3 years, the Boruta algorithm has been used
in many fields for feature selection, and it has shown reliability
and stability with different evaluation methods (29-31). We also
used the Boruta algorithm for the screening of risk genes for
ASD in the cuproptosis signaling pathway, and we found that
FDX1, DLAT, LIAS, and ATP7B were risk genes. Next, we found
that these four selected genes were also expressed in the human
brain, mainly in the mitochondria and Golgi apparatus, based
on Human Protein Atlas immunofluorescence analysis. Thus,
these four risk genes were closely related to brain function and
cellular metabolism.

A previous study found that zinc-copper rhythmicity was
disrupted in children with ASD (32). However, the previous
mechanism could not exactly explain ASD, which may be
because the cuproptosis signaling pathway in the cell cycle was
reported just this year. FDX1 was found to be involved in
copper-dependent cell death and could rescue cells from death
by regulating mitochondrial metabolism (33). In this study, the
expression of FDX1 was decreased in mice and humans with
ASD (Figure 2). In addition, we found that FDX1 was expressed
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in mitochondria. The abnormal expression of FDX1 in ASD
could cause a decrease in the expression of Fe-S cluster proteins
and inhibit steroidogenesis (34). Abnormal steroid hormone
levels have been found to contribute to the likelihood of autism
(35). FDX1 deletion could inhibit DLAT lipoylation (28).

DLAT was another crucial risk gene in the cuproptosis
signaling pathway for ASD identified by Boruta analysis in
the present study. DLAT was specifically related to depression
and anxiety in a chronic mild stress rat model (36). 6-
Phosphogluconate dehydrogenase mutation led to reduced RNA
and increased ROS by DLAT regulation (37). In addition,
copper could induce the accumulation of DLA and activate the
mitochondrial tricarboxylic acid cycle (8), which is consistent
with our finding in the present study that DLAT is located
in mitochondria. Thus, further studies should closely focus
on the regulation of FDX1 and DLAT for mitochondrial
function in ASD.

Lipoic acid synthetase is a protein target of lipoylation,
and LIAS mutation has been described as being related

TABLE 1 Accuracy, sensitivity, and specificity of each
machine learning model.

Model Cohorts  Accuracy Sensitivity Specificity

types (95% CI)

KNN Training cohort 0.76 0.80 0.72
(0.60-0.88)

Internal 0.67 0.80 0.50
validation (0.51-0.87)

External 0.73 0.75 0.70
validation (0.56-0.86)

NB Training cohort 0.64 0.95 0.36
(0.50-0.78)

Internal 0.56 1.00 0.00
validation (0.41-0.78)

External 0.55 1.00 0.10
validation (0.40-0.70)

SVM Training cohort 0.89 0.85 0.91
(0.74-0.96)

Internal 0.68 0.80 0.51
validation (0.42-0.87)

External 0.75 0.75 0.75
validation (0.59-0.87)

RF Training cohort 0.83 0.95 0.73
(0.69-0.93)

Internal 0.72 0.70 0.75
validation (0.52-0.90)

External 0.75 0.85 0.65
validation (0.59-0.87)

ANN Training cohort 1.00 1.00 1.00
(0.92-1.00)

Internal 0.78 1.00 0.61
validation (0.62-0.94)

External 0.90 1.00 0.80
validation (0.76-0.97)
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to a defect in mitochondrial energy metabolism (38). In
the present study, we found that LIAS expression was
increased and was located in both the nucleoplasm and
mitochondria. Previous studies found that mutations in LIAS
were associated with non-ketotic hyperglycinaemia-like early-
onset convulsions and encephalopathy combined with a defect
in mitochondrial energy metabolism, and LIAS overexpression
inhibited oxidative stress and inflammation (38-40). Therefore,
we deduce that the accumulation of LIAS is not only related
to Fe-S cluster synthesis and copper circulation but also
indicates that oxidative stress levels may be increased in ASD
patients.

The brain expression level of ATP7B was lower than that of
other crucial genes based on the Human Protein Atlas; ATP7B
plays an essential role in human physiology in the brain and
liver. The deletion of ATP7B in cells and animals could decrease
copper toxicity in Wilson’s disease (41). Copper homeostasis
has been found to be associated with Alzheimer’s disease and
Parkinson’s disease (42, 43). However, no study has revealed the
role of this crucial regulatory gene in the copper concentration
in ASD patients, and we hypothesize that ATP7B is another
promising target for ASD research.

Although four crucial genes in the cuproptosis signaling
pathway were screened, their power to predict ASD in suspected
patients still needs to be investigated.

We next employed five machine learning methods for
testing. The results showed that the accuracy of KNN,
SVM, and RF was approximately 70% and up to 90% with
the ANN model in the external validation cohort. Previous
studies also show SVM, KNN, and RF have a decent
prediction value for ASD (44, 45). While those studies are
not verified in external validation cohorts, it is crucial to test
the performance of prediction models in external validation
cohorts. In the present study, each model was trained in
the training cohort and validated in the internal cohort and
external cohort.

However, the NB model showed poor overall performance
and significantly poorer performance than the ANN model
(p < 0.05). Some other studies have also found that the
performance of NB was poor in comparison to other methods
(24, 46). Additionally, NB’s poor performance might have been
caused by the limited number of samples in the present study.
Therefore, the NB method was not suitable for the present study.

The accuracies of KNN, SVM, and RF for ASD prediction
did not differ much in the present study. In addition, sensitivity
and specificity were also similar in the KNN, SVM, and RF
models in the external validation cohort. Thus, KNN, SVM,
and RF with selected genes in the cuproptosis signaling pathway
have a similar ability to predict ASD in suspected patients.

Artificial neural network (ANN) was identified as the most
suitable method for ASD prediction in the present study. For
developing the DrugMiner web tool, Jamali et al. found that
ANN outperformed NB, KNN, RE and SVM (47). In addition,
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in reviews of machine learning methods, the authors also
indicated that ANNs will be the dominant method in the field
of biomedical science (24, 48).

Thus, detecting the expression levels of FDX1, DLAT, LIAS,
and ATP7B in blood could predict the risk of ASD with
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ANN. These four risk factor genes could also be developed
as microarrays for clinical examination. Future basic and
experimental studies could also investigate the underlying
pathophysiological mechanisms of the risk genes for ASD
screened in the present study.
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Furthermore, there are some limitations to the present
study. The current study has a limited number of samples. The
results need to be validated in a large sample size. Additionally,
a prospective cohort study would be needed to detect the
conclusions. However, we provided reliable machine learning
methods, and four genes in the cuproptosis pathway that may
be crucial for identifying mechanisms in autistic children.
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Conclusion

In the present study, on the basis of the results of screening
with the Boruta algorithm, we selected FDX1, DLAT, LIAS,
and ATP7B as crucial genes in the cuproptosis signaling
pathway for ASD. The crucial risk genes were expressed in
the brains of not only mice but also humans. ANN was the
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most suitable model for ASD prediction in the present study.
We first reported that biomarkers in the cuproptosis-related
signaling pathway had good power to predict ASD in suspected
patients through different machine learning methods, which
indicated that the cuproptosis signaling pathway may play a
crucial role in ASD. The findings of the present study could
contribute to the early identification of ASD in children and
provide novel inspirations for investigations of the causes and
treatments of ASD.
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Introduction: Autistic men and women are more likely to experience health
issues than the general population, although the available epidemiological
studies addressing co-occurrence conditions are limited. This is the first Spanish
epidemiologic study addressing the health profile and poor-health exacerbating
factors in individuals of all ages with autism spectrum disorder (ASD).

Methods: We analyzed 2,629 registries extracted from Autism Spain's
sociodemographic registry (November 2017-May 2020). A descriptive health
data analysis was conducted to assess the prevalence of other conditions
associated to ASD in the Spanish population. Nervous system disorders (12.9%),
mental health diagnoses (17.8%), and other comorbidities (25.4%) were reported.
Men-to-women ratio was 4:1.

Results: Women, elder individuals and those with intellectual disability (ID) were at
an increased risk of health comorbidities and psychopharmacological exposure.
Women were also more prone to severe intellectual and functional impairment.
Nearly all individuals had difficulties in their adaptative functioning, especially
those with ID (50% of the population). Almost half of the sample received
psychopharmacological treatments starting from infancy and early childhood,
mostly antipsychotics and anticonvulsants.

Discussion: This study represents an important first approach to the health status
of autistic people in Spain and can contribute to the development of public
policies and innovative health strategies.

autism spectrum disorder, health conditions, epidemiological factors, mental health,
psychopharmacological treatment, Spain

1. Introduction

Autism spectrum disorders (ASD) encompass several neurodevelopmental chronic
conditions with early childhood onset that may be, or not, accompanied with an intellectual
disability (ID) or language impairment (1, 2). The prevalence of ASD is currently
estimated at 1%, although that estimation is variable, reflecting complex and dynamic
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interactions between patterns of community awareness, service
capacity, help seeking, and sociodemographic factors (3-7). In
absolute terms, ASD affects 28.3 million people worldwide, and it
is three to four times more prevalent in men than women (8). In
Spain, rough estimates point to the existence of approximately half
a million people of all ages with ASD (9, 10), but there is no official
statistical data available.

Currently, available and official population databases in Spain
consider only broad health categories such as developmental
(11, 12) or mental disorders (13, 14), thereby providing highly
inaccurate or outdated information related to autism. Other
sources, like the last national health survey, reported an estimated
prevalence of autism or ASD (0.6%) for the first time, though
considering only children aged 3-14 and no further health
data (15).

Cognitive and behavioral symptoms of ASD have a severe
and life-long impact on the quality of life (QoL) and personal
outcomes of people living with this condition (16); World Health
Organization (2). Moreover, compared to the general population,
premature mortality is at increased risk among autistic people
due to their health comorbidities and other accidental factors
(17-20). In this regard, more than 70% of people on the autism
spectrum have some kind of neurological, gastrointestinal or
immune co-occurring disorder, among others (21-23), and they are
at significant risk of stroke, seizure and chronic diseases like obesity,
diabetes, dyslipidemia, hypertension, coronary heart disease, and
cancer (24, 25).

People with ASD are also more prone to mental health issues
than neurotypicals (24, 26). A cohort-based study found that 70%
of children and adolescents on the autism spectrum had one or
more co-occurring mental health conditions, and 41% of them
presented two or more (27). According to a recent meta-analysis,
the most frequent ASD-associated mental health disorders in all
ages are: Attention-deficit hyperactivity disorder (ADHD), anxiety
disorder, sleep-wake disturbances, disruptive behaviors, impulse-
control, and conduct disorder, depressive disorder, obsessive-
compulsive disorder (OCD), bipolar disorder and those within the
schizophrenia spectrum (26).

Several barriers and disadvantaging factors may compound the
aforementioned ASD-related health disparities and limit people’s
access to healthcare services (28, 29). Specifically, some studies
suggest that the existence of concomitant ID and being a women
predispose to a worse health profile (24, 26, 30-34). In addition,
people on the autism spectrum may experience accelerated aging
and age-related diseases at younger ages compared to the general
population (32, 35).

Despite this evidence, most health problems beyond ASD-
related symptoms have been overlooked for decades. Only a few
studies have systematically addressed them in the last years (22,
26, 36), and fewer still have included adult individuals (24, 30, 33,
37). Thus, the lack of research on health outcomes is a significant
barrier to promoting the QoL of people on the autism spectrum. It
is also an obstacle to improving health care systems and developing
evidence-based policies.

Here, we present the first Spanish epidemiologic study
describing the health status of a large cohort of children,
adolescents, and adults with ASD, including physical and mental
health co-occurring conditions. We aim to analyse how their health
is influenced by sex, age, and concurrent ID.
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2. Materials and methods

2.1. Design and participants

We conducted an observational retrospective analytic study
with a cohort of autistic individuals in Spain based on demographic
and health data from a national registry collected by Autism Spain
(38). Autism Spain is the leading charity related to ASD in Spain.
It brings together 151 non-profitable organizations from all over
the country that support people on the autism spectrum and their
families to achieve equal opportunities and guarantee their QoL.

Autism Spain’s ASD registry contains information about people
with a confirmed clinical diagnosis of ASD of any age. Most of
them are users or members of autism supportive associations linked
to Autism Spain and receive support from them (psychosocial,
educational, occupational, juridical, and administrative, among
others). The data collection period fell between the date of the first
and last entries into the registry (November 2017 and May 2020).

Forty-one ASD associations participated in this study and
provided data related to 2,623 autistic people. Six participants
contributed independently to the registry. Inclusion criteria
were: (a) having a confirmed clinical diagnosis of any pervasive
developmental disorder (PDD) (according to the fourth edition
of the Diagnostic and Statistical Manual of Mental Disorders
(DSM-1V), the International Classification of Diseases 10th
Revision (ICD-10 or earlier diagnostic criteria) or ASD (according
to the recent DSM fifth edition) (2, 16, 39), ICD-10 codes:
F84.0, F84.2, F84.3, F84.5, F84.9 (Figure 1) and (b) providing
informed consent to participate. Diagnoses from health care
centers or authorized non-medical centers with ASD diagnostic
services were included in the analysis. All registered individuals
fulfilled these criteria and therefore provided data that were
subsequently analysed. No drop-out events or experimental deaths
were reported.

This study was performed in line with the principles of the
Declaration of Helsinki. Approval was granted by the Ethics
Committee of the Autonomous University of Madrid (CEI-105-
2039). All individuals provided written informed consent to
participate and allowed the publication of the results. Personal data
were handled according to the current General Data Protection
Regulation 2016/679 of the European Parliament (EU-GPDR) and
the Council of 27 April 2016 and with the Spanish Organic Law
3/2018 of 5 December 2018 on Data Protection and Guarantee
of Digital Rights. Due to the retrospective nature of this study,
there was no influence on any medical decision, including
treatment prescription.

2.2. Description of the variables and
outcome measures

Data from the registries was analysed according to the following
sociodemographic and health variables:

Sociodemographics

- Sex and age. Boys and girls and adolescents (age 18 or
younger) and adults (older than 18).

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1088727
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/

Vidriales-Fernandez et al.

o
S
0
a8
Q
2
=
=)
n

FIGURE 1

Distribution of study participants (N = 2,563) diagnosed according
to DSM-IV or ICD-10 criteria for pervasive developmental disorder
(PDD) and according to DSM 5 criteria for ASD. ASD, autism
spectrum disorder; DSM-1V, American Psychiatric Association’s
Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition; DSM-5, American Psychiatric Association’s Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition; ICD-10,
International Classification of Diseases 10th Revision.

Health data. Health information is based on the clinical
data included in health records and reports provided by the
participants. Only those health conditions formally diagnosed
by a specialized health practitioner (both in the Spanish
public Health Care System or in private authorized health
care services) according to international classification systems
[DSM-1V (16; or ICD-10 (40)] were included in the registry.
Diagnosis of any disorder within the autism spectrum
(hereinafter “ASD”): according to DSM-IV (39), DSM-5 (16),
or ICD-10 (2).

Co-occurring conditions: divided into mental health disorders
and other general medical conditions with a clinical
confirmed diagnosis.

Those conditions with a stronger pathophysiological link to
ASD, such as genetic (21) and nervous system disorders,
(ICD-10 codes: G40.90, Q05, G80, P04.3), especially epilepsy
(41-43), were grouped apart.

Intellectual Disability: corresponding to an intelligence
quotient (IQ) score <76 estimated with any standardized
intelligence test (Weschler Adult Intelligence Scale IV,
Wechsler Intelligence Scale for Children Revised and 1V,
Wechsler Preschool and Primary Scale of Intelligence IIT
and IV, Wechsler Non-verbal Scale of Ability, Kaufman Brief
Intelligence Test, Kaufman Assessment Battery for Children).
ID level was then classified as profound (IQ < 20), severe
(IQ = 20-40), moderate (IQ = 41-55), mild (IQ = 56-75),
border (IQ = 76-85), or absent (IQ > 85), according to
ICD-10 subcategories (2).

Psychopharmacological treatment: only currently prescribed
psychiatric drugs were considered.
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- Functional disability: defined by a degree of general disability
of >33% according to the official certificate issued by the
Institute of Social Services and the Elderly (IMSERSO) of
the Spanish Ministry of Social Rights and 2030 Agenda. This
is a summary score of the individual’s functional limitations
due to physical, mental, intellectual, or sensorial impairments.
When reaching a percentage of >25%, social factors that
limit equal, effective, and full participation in society, are
added to the calculations. Those provided with a certificate
equal or upper to a 33% percentage are eligible to apply
for a government subsidy (44). This study rated functional
disability in daily living skills according to the following
percentage ranges: >75, 65-74, 33-64, and <33%.

Participants’ information was collected through a data entry
questionnaire linked to the Autism Spain’s registry (available as
Supplementary material). Affiliated members of Autism Spain
had access only to their own registers. in each autism-support
association the questionnaire was filled in by a designated
professional that the Confederation had previously trained to
contrast the information in the medical and social reports. The
Confederation did not fix or save any copies of these documents.

Outcome measures in this study were the frequency of
sociodemographic variables, clinical diagnosis, mental and physical
health comorbidities, and psychiatric psychopharmacological
prescription in the study population. Also, the distribution
of health-related variables was analysed: neurological, chronic
health diseases, and mental health disorders, as well as
psychopharmacological treatment according to sex, age, and
intellectual disability; diagnosis of ASD according to sex; ID level
according to sex and age; and degree of functional disability
according to sex and ID.

2.3. Data analysis

Participant data were analysed by descriptive statistics.
Absolute and relative frequencies were used to describe categorical
variables. The continuous ones were expressed by the mean
and standard deviation (SD). Inferential tests were conducted to
compare variables according to sex, age, and ID level: Student’s
t-test (continuous variables) and Chi-square test (categorical
variables). Statistical significance was set at P < 0.05. When
possible, point-estimates of effect-size (odds ratio for variables
with two categories and Cramérs V for variables with more
than two categories) with 95% confidence intervals (CI) for each
inferential test were also conducted. Data analysis was performed
by IBM’s Statistical Package for the Social Sciences (SPSS®) for
Windows version 24 (IBM Corp. Released 2016. IBM SPSS Statistics
for Windows, Version 24.0. Armonk, NY: IBM Corp.).

3. Results

3.1. Sociodemographics of the study
sample

Autism Spain’s registry contained information about 2,629
individuals with a confirmed diagnosis of ASD. Mean age was

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1088727
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/

Vidriales-Fernandez et al.

TABLE 1 Sociodemographic characteristics of autism
spectrum disorder (ASD).

’ Total subjects

Sex (male), 1 (%) ‘ 2,158 (82.1)
Age, years!

Mean (SD) ‘ 16.2 (10.7)
Age range, n (%)*

<18 years (non-adults) 1,825 (69.6)
> 18 years (adults) 798 (30.4)
0-5 years 312(11.9)
6-11 years 779 (29.7)
12-17 years 734 (28.0)
18-25 years 374 (14.3)
>25 years 424 (16.2)

Unless otherwise indicated, percentages refer to the total study population (N = 2,629).
IN =2,623; n missing = 6.

Subjects (%)

FIGURE 2

Location of diagnosis of the study participants (N = 2,563). NGO,
non-governmental organization.

significantly higher for women than for men (18.4; SD = 12.1 vs.
15.8; SD = 10.3, respectively, P < 0.0001). Almost one third of the
study population were adults (N = 798; 30.4%), and approximately
half of them (N = 424; 16.2%) were older than 25 and up to 60 years
old (see Table 1).

3.2. Autism spectrum disorder diagnosis

We found that mean age at diagnosis time was 7.5 years
(SD = 6.5), and almost all participants (N = 2,344; 95.8%) had
received it before age 21. Public health care (N = 1,320; 51.5%)
and diagnostic services at non-governmental organizations related
to ASD (N = 662; 25.8%) were the most common diagnostic sites
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FIGURE 3

Percentages of autism spectrum disorder (ASD) diagnoses between
before 1975 and after 2016.

= Profound (<20)

= Severe (20-40)

= Moderate (41-55)
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Absent (>85)

10,5%

FIGURE 4

Distribution of intellectual disability severity degree of the study
participants. The level of intellectual disability (ID) according to the
intelligence quotient (IQ) test score. ID corresponds to an IQ test
score <76.

(Figure 2). The number of diagnoses showed an increasing trend
during the last two decades and especially between the 2005-2007
(N =167; 6.8%) and the 2008-2010 (N = 370; 15.1%) periods (see
Figure 3).

3.3. Occurrence of intellectual disability
and recognition of supporting needs

Around a third of the study participants (N = 885; 33.7%)
had been tested with an IQ formal test. Mean IQ score was 76.1
(SD = 30.9) for the whole study population, and it was higher
in men than in woman (78.2; SD = 30.3 vs. 66.8; SD = 32.0,
respectively, P < 0.0001). Approximately half of the individuals
had no ID accompanying the ASD diagnosis (ICD-10 Codes: F70,
F71. F72, F73, F78, and F79) (N = 463; 52.3%), while the other half
(N = 422; 47.7%) presented this concurrent condition in different
severity levels (Figure 4).

Adaptative skills had been officially assessed for most of the
study population (N = 2,219; 84.4%). In most cases some degree of
functional impairment that provided access to public support was
identified (N = 2,181; 98.3%).
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3.4. Genetic and nervous system
disorders, other co-occurring physical
and mental conditions, and
psychopharmacological treatment

Among those with any confirmed genetic disorders (N = 134;
5.1%), Fragile X Syndrome (ICD-10 code: Q99.2) (N = 9; 0.3%)
and Down Syndrome (ICD-10 codes: Q90.X) (N = 7; 0.3%)
were the most frequent ones (Table 2). Other identified genetic
disorders (N = 118; 4.5%) corresponded to a wide range of distinct
chromosomic anomalies. A total of 338 (12.9%) individuals had a
nervous system disorder. Epilepsy and recurrent epileptic seizures
(ICD-10 codes G40.X) (N = 288; 11.0%) were the most frequently
reported in this category (see Table 2).

Around one fifth (N = 467; 17.8%) of the studied sample
had one or more mental health diagnoses apart from ASD with
or without ID, namely: impulse-control and disruptive behavior
disorder (ICD-10 code: F63) (N = 304; 11.6%), anxiety disorder
(ICD-10 code: F41) (N = 179; 6.8%), attention deficit and
hyperactivity disorder (ICD-10 code: F90.X) (N = 151; 5.8%),
obsessive compulsive disorder (ICD-10 codes: F42.X) (N = 117;
4.5%), and eating disorders (ICD-10 codes: F50.X) (N = 109;
4.1%), among others (see Table 2). Almost half (N = 1,187; 45.2%)
of the participants were currently taking psychopharmacological
drugs, mainly antipsychotics (N = 763; 29.0%) and anticonvulsants
(N =355;13.5%) (Figure 5).

Other general medical conditions were found in 668 (25.4%)
people. In some cases, two (N = 138; 5.2%), three (N = 53; 2.0%),
or more than three (N = 33; 1.3%) comorbidities were reported for
the same individual. The main ones were sleep-wake disturbances
(ICD-10 code: F51.3) (N = 175; 6.7%), dermatitis and eczema (ICD-
10 code: L30.9) (N = 123; 4.7%), overweight and obesity (ICD-10
code: E66.X) (N = 111; 4.2%), and intestinal disorders (ICD-10
codes: K55-K63) (N = 107; 4.1%) (see Table 2).

3.5. Health disparities according to sex,
age, and cognitive functioning

Women presented more severe forms of ID (moderate-to-
severe levels) than the male subgroup (P = 0.0002; Table 3).
The degree of functional impairment in daily living skills was
also differently distributed according to sex (P < 0.0001). The
percentage of women with this type of difficulties almost doubled
that of men (see Table 3).

Proportionally, more women than men endured one or
more nervous system disorders (OR = 0.49; 95% CI = 0.38-
0.64; P < 0.0001) and other medical conditions (OR = 0.56;
95% CI = 0.45-0.70; P < 0.0001). Mental health co-occurring
disorders showed the same trend, although not reaching statistical
significance (OR = 0.81; 95% CI = 0.65-1.01; P = 0.0565), and they
also received more psychopharmacological treatments than men
(OR = 0.78; 95% CI = 0.64-0.95; P = 0.0129) (see Table 3).

The occurrence of multiple nervous system (P < 0.0001),
mental health (P < 0.0001), and other health comorbid disorders
(P < 0.0001) as well as the number of individuals with
psychopharmacological prescriptions (P < 0.0001) increased with
age. However, the prescription of melatonin (P < 0.0001) and
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TABLE 2 Genetic, nervous system, and other comorbid disorders.

Total subjects
(N =2,629)

Genetic disorders, n (%)

Fragile X syndrome (Q99.2) 9(0.3)
Don syndrome (Q90.X) 7(0.3)
Nervous system disorders, n (%)

Epilepsy and recurrent epileptic seizures (G40.X) 288 (11.0)
Spina bifida (Q05.X) and other congenital 25(1.0)
anomalies of the nervous system (Q00-07)

Cerebral palsy (G 80.X) 11 (0.4)
Fetal alcohol syndrome (Q86.0) 5(0.2)
Mental health disorders, n (%)

Impulse-control and disruptive behavior disorder 304 (11.6)
(F63)

Anxiety disorder (F41) 179 (6.8)
Attention deficit and hyperactivity disorder 151 (5.8)
(F90.X)

Obsessive compulsive disorder (F42.X) 117 (4.5)
Eating disorders (F50.X) 109 (4.1)
Depressive disorders (F32.X) 75 (2.9)
Personality disorders (F60.X) 22(0.8)
Phonological disorder (R47.X) 12 (0.5)
General medical conditions, n (%)

Sleep-wake disturbances (F51.3) 175 (6.7)
Dermatitis and eczema (L30.9) 123 (4.7)
Overweight and obesity (E66.X) 111 (4.2)
Intestinal disorders (K55-K63) 107 (4.1)
Dentofacial anomalies and other mandibular 43 (1.6)
disorders (M26-M27)

Thyroid gland disorders (E03.X, E05.X) 36 (1.4)
Gastric ulcer (K25.X), gastritis (K29.0-7) or 20 (0.8)
esophagitis (K20.X)

Visual problems (H53-H54) 21(0.8)
Other metabolic disorders (E70-E90) 19 (0.7)
Vasomotor (J30.0) and allergic rhinitis (J30.9) 17 (0.6)
Hearing loss (H90-H91) 14 (0.5)
Kidney disease (N18.X) or other affected urinary 14 (0.5)
tract system organs (N30-N39)

Diabetes (E08-E013) 12 (0.5)
Urticaria (L50.X) 8(0.3)

International Classification of Diseases 10th Revision (ICD-10) codes between brackets.

methylphenidate (P < 0.0001) showed the reverse tendency,
reaching its highest in infancy and childhood, and childhood and
adolescence, respectively, (see Table 4).

Intellectual disability was associated with a greater risk of
neurological disorders (OR = 0.16; 95% CI = 0.10-0.26; P < 0.0001)
and other medical co-occurring conditions (OR = 0.35; 95%
CI = 0.26-0.48; P < 0.0001) (see Table 5). Mental health

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1088727
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/

Vidriales-Fernandez et al.

30

25

20

Subjects (%)
9

10 4
5 _
0 T T T T T 1
s . ) s
Qo\ S 45& \56\&2@&
% @ S @
QG" Y;Q o %\:\ b@Q
Sy x°
L S Q&\ % ?*

o s
FIGURE 5

Current psychopharmacological treatment: therapeutic groups.
Only those with > 5% of users are shown (N = 2,629). Antipsychotics
(risperidone, aripiprazole), anticonvulsants (valproates, sulfamates,
carboxamides), anxiolytics (benzodiazepines), hypnotic-sedatives
(melatonin), psychostimulants (methylphenidate), and
antidepressants (SSRIs). Only those with > 1% of users are shown

(N = 2,629). SSRIs, selective serotonin reuptake inhibitors

comorbidities impacted differently depending on the ID level:
impulse-control and disruptive behavior (OR = 0.30; 95%
CI =0.19-0.47; P < 0.0001) and OCD (OR = 0.39; 95% CI = 0.19-
0.80; P = 0.0076) were more common in the group with ID, whereas
ADHD and personality disorders had been diagnosed to a greater
extent among those without ID (OR = 2.14; 95% CI = 1.46-3.13;
P < 0.0001) (Table 5). Psychopharmacological drug prescription
was generally higher in the ID group (OR = 0.34; 95% CI = 0.26-
0.45; P < 0.0001) except for methylphenidate, which showed the
reverse tendency (OR = 3.51; 95% CI = 1.95-6.32) (Table 5).

Finally, we found that the levels of intellectual and functional
disabilities were highly correlated (P < 0.0001). More individuals
with ID had been certified with the highest percentages of disability
in proportion to those without ID (Table 5).

4. Discussion

For the first time in our country, we have characterized the
health status of the largest autism dataset in Spain. We found
that the overall health status of people with ASD in Spain is
compromised by different factors. The mean age at ASD diagnosis
was 7.5 years old and it was generally obtained through the public
health system or non-governmental organizations specialized
in autism care. Up to 25% of the sample presented nervous
system disorders, mental health associated conditions and other

Frontiers in Psychiatry

10.3389/fpsyt.2023.1088727

comorbidities apart from ASD. Around 50% of them received
psychopharmacological treatment. Being a woman, advanced age
and the presence of ID were identified as potential exacerbating
factors of health problems. Also, those with ID had poorer adaptive
functioning, and women were more prone to severe intellectual and
functional impairment.

4.1. Autism diagnosis

The average age at ASD diagnosis of the individuals in our
sample corresponds to the estimated ranges in Europe between
1990 and 2012, which varied from 3 to 10 years of age. However,
most up-to-date studies show that in recent years (2012-2019) it
has decreased and oscillates rather between 3.5 and 5 years (45).
Therefore, according to our data, it seems that in Spain age at
diagnosis is still relatively late compared to the European standard.

A men-to-women ratio of 4:1 was observed in our sample, in
line with traditional epidemiologic reports (46, 47). However, in the
last decades, estimates have pointed to a reduced 3:1 ratio (8, 48,
49). Several authors have suggested the presence of a sex bias in
ASD diagnosis, including more wrong, delayed or missed diagnoses
in autistic women (50-52). This could be partially explained by a
male-biased understanding of the condition, the existence of sex
differences in clinical presentations and the lack of instruments and
procedures to effectively recognize them (53, 54). Consequently, the
prevalence of ASD in women may still be underestimated, also in
the Spanish context.

4.2. Health comorbidities

Only a couple of genetic syndromes (Down and Fragile X) were
identified, which explained less than 1% of the cases in our study.
Recent evidence suggests that complex polygenic mechanisms and
environmental factors contribute approximately the same to the
etiology of autism (55, 56).

Regarding other pathologies accompanying ASD, we suspect
that the prevalence of nervous system disorders, mental health
diagnoses and other comorbidities in our sample may be
underestimated since it falls far below that of other countries
(around 70%) (21-23, 57). This may be due to considerable
differences in health care systems or to the study design criteria
(we only considered comorbid clinical diagnoses confirmed by a
health care professional according to DSM or ICD international
classification systems).

However, the categories found in greater representation in this
study do correspond to those usually reported by other European
studies on the health of people with autism (3, 58).

4.3. Pharmacological prescriptions

found that
psychiatric polypharmacy was significantly higher in participants

Regarding pharmacological treatments, we
with ASD and ID, as well as in the women and elderly subgroups. In

addition, the number of individuals with psychopharmacological
prescriptions was higher than the total number of neurological and
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TABLE 3 Intellectual and functional disability, nervous system, and mental health disorders, general medical conditions and psychopharmacological
treatment according to sex.

Women Size effects:
Cramer's V or OR (IC 95%)

Frontiers in Psychiatry

47

Level of ID according to the IQ test score, 1 (%) 724 (100.0) 161 (100.0) 0.158 0.0002
Profound (<20) 28 (3.9) 13 (8.1) - -
Severe (20-40) 56 (7.7) 17 (10.6) - -
Moderate (41-55) 89 (12.3) 36 (22.4) - -
Mild (56-75) 152 (21.0) 31(19.3) - -
Border (76-85) 79 (10.9) 14 (8.7) - -
Absent (>85) 320 (44.2) 50 (31.1) - -

Degree of functional disability, 7 (%) 1,820 (100.0) 399 (100.0) 0.147 <0.0001
<33% 32(L.8) 6(1.5) - -
33-64% 1,059 (58.2) 174 (43.6) - -
65-74% 297 (16.3) 57 (14.3) - -
>75% 432 (23.7) 162 (40.6) - -

Nervous system disorders, 1 (%) 2,158 (100.0) 471 (100.0) - -
Individuals with >1 nervous system disorder 242 (11.2) 96 (20.4) 0.49 (0.38-0.64) <0.0001
Epilepsy and recurrent epileptic seizures (G40.X) 205 (9.5) 83 (17.6) 0.49 (0.37-0.65) <0.0001
Spina bifida (Q05.X) and other congenital anomalies of the 16 (0.7) 9(1.9) 0.38 (0.17-0.87) 0.0178

nervous system (Q00-07)

Individuals who do not declare nervous system disorders 1,916 (88.8) 375 (79.6) - <0.0001

Mental health disorders, 1 (%) 2,158 (100.0) 471 (100.0) - -
Individuals with >1 mental health disorder 532 (24.7) 136 (28.9) 0.81 (0.65-1.01) 0.0565
Number 2,158 (100.0) 471 (100.0) 0.06 0.048
0 1,626 (75.3) 335 (71.1) - -

1 362 (16.8) 85 (18.0) - -
2 106 (4.9) 27 (5.7) - _
3 35 (1.6) 17 (3.6) - _
>3 29 (1.3) 7 (1.5) - -
Type - - - -
Impulse-control and disruptive behaviour disorders (F63) 232(10.8) 72 (15.3) 0.67 (0.50-0.89) 0.0053
Anxiety disorders (F41) 131 (6.1) 48 (10.2) 0.57 (0.40-0.81) 0.0013
Obsessive compulsive disorder (F42.X) 93 (4.3) 24 (5.1) 0.84 (0.53-1.33) 0.4536
Eating disorders (F50.X) 87 (4.0) 22 (4.7) 0.86 (0.53-1.38) 0.5283
Depressive disorders (F32.X) 52(2.4) 23 (4.9) 0.48 (0.29-0.79) 0.0035
Others 210 (9.7) 32(6.8) 1.48 (1.01-2.18) 0.0458
Attention deficit and hyperactivity disorder (F90.X) 136 (64.8) 15 (46.9) 2.04 (1.19-3.52) -
Personality disorders (F60.X) 19 (9.0) 3(9.4) 1.39 (0.41-4.70) -
Phonological disorder (R47.X) 11 (5.2) 1(3.1) 2.41(0.31-18.7) -

General medical conditions, 1 (%) 2,158 (100.0) 471 (100.0) - -
Individuals with >1 comorbid condition 465 (21.5) 155 (32.9) 0.56 (0.45-0.70) <0.0001
Sleep-wake disturbances (F51.3) 126 (5.8) 49 (10.4) 0.53 (0.38-0.75) 0.0003
Overweight and obesity (E66.X) 79 (3.7) 32(6.8) 0.52 (0.34-0.80) 0.0022
Intestinal disorders (K55-K63) 78 (3.6) 29 (6.2) 0.57 (0.37-0.89) 0.0114
Dentofacial anomalies and other mandibular disorders 28 (1.3) 15(3.2) 0.40 (0.21-0.75) 0.0034

(M26-M27)

(Continued)
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Women ‘ Size effects:
Cramer’s V or OR (IC 95%)
Individuals who do not declare general medical conditions 1693 (78.4) 316 (67.1) - 0.0001
Psychopharmacological treatment, 7 (%) 2,158 (100.0) 471 (100.0) - -
Individuals currently prescribed with >1 psychiatric drug 950 (44.0) 237 (50.3) 0.78 (0.64-0.95) 0.0129
Antipsychotics 627 (29.1) 136 (28.9) 1.01 (0.81-1.26) 0.9379
Anticonvulsants 262 (12.1) 93 (19.7) 0.56 (0.43-0.73) <0.0001
Anxiolytics 161 (7.5) 47 (10.0) 0.73 (0.52-1.02) 0.0666
Melatonin 149 (6.9) 42 (8.9) 0.76 (0.53-1.08) 0.1273
Antidepressants 133 (6.2) 34(7.2) 0.84 (0.57-1.25) 0.3948
Methylphenidate 121 (5.6) 16 (3.4) 1.69 (0.99-2.87) 0.0506

Condition of disability is defined by a degree of functional disability of >33%. Condition of ID corresponds to an IQ test score <76. OR only shown for dichotomous variables. International

Classification of Diseases 10th Revision (ICD-10) codes between brackets.

psychiatric confirmed diagnoses that require drug administration.
Also, we noticed a sudden rise in the number of children (>6 years
old) under psychotropic treatment that was not mirrored by in
the number of mental health co-occurring confirmed diagnoses.
Likewise, the higher proportion of youngsters treated with
methylphenidate than the actual number of ADHD cases in the
sample is as well intriguing.

According to international guidelines and recommendations,
antipsychotics, antidepressants, and anticonvulsants should not
be prescribed to manage any core autism symptomatology
(59). A case-by-case analysis should be performed to exclude
or confirm any unnecessary or inappropriate interventions
with those psychiatric medications. Instead, their use should
be restricted to cases of concerning behaviors, i.e., when it
jeopardizes QoL and/or safety (self or others’) (60, 61). Despite
these recommendations, some authors claim that people with
autism, ID or both, are currently overprescribed, especially
with antipsychotics and antidepressants (62, 63), which may
have deleterious effects on their physical and mental health
throughout their lifespan (64). Our study results also point to this
presumed overprescription of psychopharmacological treatments
that increase with age and, possibly, in the absence of the indicated
clinical conditions too. In this regard, rethinking psychiatric
prescription protocols is imperative, perhaps by encouraging
evidence-based psycho-educative practices, complementary or
alternative to psychopharmacological prescriptions, and promoting
good practices in their follow-up.

4.4. Poor health risk factors related to
autism: Sex, age, intellectual disability

As in the present study, the ASD-associated medical conditions
identified so far belong to a wide range of medical areas and
are subject to both sex- and age-related disparities (24, 30,
33). Compared to the men ASD subpopulation, we observed
that women were significantly more prone to neurological
or other health disorders (epilepsy, spina bifida, sleep-wake
disturbances, intestinal disorders, overweight, obesity, and dental
abnormalities) and most likely to one or more mental health
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co-occurring conditions too (particularly, impulse control and
conduct disorders, anxiety, and depression). Several reasons may
explain these sex-based differences, such as the delays or errors in
ASD diagnosis mentioned above and thus a lack of understanding
and support for their needs (50-52). Other physiological factors
such as hormonal imbalances, which may imply severe physical
and mental complications for women, could also intervene (31,
34), but more research is needed to achieve solid conclusions.
Finally, being a woman was also associated with higher ID levels
and more complex support needs. Those women with milder
supporting needs are less represented in our sample, as they are
in similar studies (3, 65). Research on their reality and priorities
should increase, in order to improve their QoL and the community
response to their needs.

On the other hand, most of the analysed cooccurring conditions
showed, as expected, an increasing trend with age. The percentage
of individuals with more than one neurological disorder, mental
health disorder or general condition already doubled or tripled in
the >25 years-old group compared to younger ages. Considering
that no adults in our study population were older than 60,
our findings led us to suspect premature comorbidity onset in
ASD compared to the general population. In connection to this
result, emerging studies have suggested an association between
ASD and accelerated aging after reporting the early onset of age-
related disorders such as seizure, hypertension, hyperlipidemia, and
chronic kidney disease, especially in the presence of ID. This health
status decline is accompanied by progressive less autonomy, poorer
adaptive skills and the use of polypharmacy (32, 35).

Mental health issues can, as well, profoundly affect QoL at
younger ages. According to a recent European longitudinal study,
depression and anxiety symptoms in children and adolescents with
ASD significantly reduced their perception of wellbeing (66). The
same age group is at an increased risk of an anxiety disorder
(67, 68), which is even higher in the presence of ADHD (67).
Reciprocally, the coexistence of ADHD and anxiety has been
related to poorer adaptive skills in autistic children (67). In our
results, we observed that school- and high school-stage ASD
participants had already received a diagnosis of anxiety, although
its prevalence increased at older ages together with the prescription
of antidepressants and anxiolytics. On the contrary, ADHD was
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TABLE 4 Intellectual disability, nervous system, and mental health disorders, general medical conditions and psychopharmacological treatment
according to age groups.

O-5years | 6-1lyears | 12-17 years | 18-25years | >25years | P-value

Level of ID according to the IQ test score, n (%) 54 (100.0) 249 (100.0) 290 (100.0) 137 (100.0) 154 (100.0) <0.0001
Profound (<20) 2(3.7) 4(1.6) 5(1.7) 7 (5.1) 23 (14.9) -
Severe (20-40) - 7(2.8) 11(3.8) 11 (8.0) 44 (28.6) -
Moderate (41-55) 13 (24.1) 26 (10.4) 36 (12.4) 24 (17.5) 26 (16.9) -
Mild (56-75) 17 (31.5) 49 (19.7) 73 (25.2) 29 (21.2) 15(9.7) -
Border (76-85) 7 (13.0) 32(12.9) 35(12.1) 10 (7.3) 9(5.8) -
Absent (>85) 15 (27.8) 131 (52.6) 130 (44.8) 56 (40.9) 37 (24.0) -

Nervous system disorders, 1 (%) 312 (100.0) 779 (100.0) 734 (100.0) 374 (100.0) 424 (100.0) -
Individuals with >1 nervous system disorder 9(2.9) 54 (6.9) 71(9.7) 48 (12.8) 156 (36.8) <0.0001
Epilepsy and recurrent epileptic seizures (G40.X) 6(1.9) 41 (5.3) 56 (7.6) 43 (11.5) 142 (33.5) <0.0001
Individuals who do not declare nervous system 303 (97.1) 725 (93.06) 663 (90.3) 326 (87.2) 268 (63.2) <0.0001

disorders

Mental health disorders, 1 (%) 312 (100.0) 779 (100.0) 734 (100.0) 374 (100.0) 424 (100.0) -
Individuals with >1 mental health disorder 27 (8.7) 147 (18.9) 186 (25.3) 106 (28.3) 200 (47.2) <0.0001
Number 312 (100.0) 779 (100.0) 734 (100.0) 374 (100.0) 424 (100.0) <0.0001
0 285 (91.3) 632 (81.1) 548 (74.7) 268 (71.7) 224 (52.8)

1 19 (6.1) 120 (15.4) 135 (18.4) 69 (18.4) 103 (24.3)
2 5(1.6) 17 (2.2) 34 (4.6) 20 (5.3) 56 (13.2)
3 3(1.0) 7(0.9) 9(1.2) 8(2.1) 25 (5.9)
>3 - 3(0.4) 8(1.1) 9(24) 16 (3.8)
Type - - - - - -
Impulse-control and disruptive behaviour 10 (3.2) 56 (7.2) 65 (8.9) 45 (12.0) 127 (30.0) <0.0001
disorders (F63)
Anxiety disorders (F41) 3(1.0) 25(3.2) 39 (5.3) 38(10.2) 73(17.2) <0.0001
Obsessive compulsive disorder (F42.X) 6(1.9) 13 (1.7) 24 (3.3) 22(5.9) 52(12.3) <0.0001
Depressive disorders (F32.X) - 3(0.4) 13 (1.8) 15 (4.0) 43 (10.1) <0.0001
Others 6(100.0) 62 (100.0) 99 (100.0) 34 (100.0) 41 (100.0) <0.0001
Phonological disorder (R47.X) 2(33.3) 5(8.1) 4(4.0) 1(2.9) -
Attention deficit and hyperactivity disorder 1(16.7) 43 (69.4) 73 (73.7) 23 (67.6) 11 (26.8)
(F90.X)
Personality disorders (F60.X) - 1(1.6) 4(4.0) 4(11.8) 13 (31.7)

General medical conditions, 7 (%) 312 (100.0) 779 (100.0) 734 (100.0) 374 (100.0) 424 (100.0) -
Individuals with > 1 comorbid condition 44 (14.1) 161 (20.7) 130 (17.7) 74 (19.8) 211 (49.8) <0.0001
Sleep-wake disturbances (F51.3) 14 (4.5) 38 (4.9) 31 (4.2) 18 (4.8) 74 (17.5) <0.0001
Overweight and obesity (E66.X) - 12 (1.5) 18 (2.5) 21 (5.6) 60 (14.2) <0.0001
Intestinal disorders (K55-K63) 12 (3.8) 28 (3.6) 29 (4.0) 9(2.4) 29 (6.8) 0.0217
Dentofacial anomalies and other mandibular 3(1.0) 13(1.7) 8(1.1) 2(0.5) 17 (4.0) 0.0005

disorders (M26-M27)

Thyroid gland disorders (E03.X, E05.X) 2(0.6) 10 (1.3) 6(0.8) 4(1.1) 14 (3.3) 0.005

Gastric ulcer (K25.X), gastritis (K29.0-7) or 1(0.3) 4(0.5) 3(0.4) 2(0.5) 10 (2.4) 0.0018
esophagitis (K20.X)

Metabolic disorders (E70-E90) 1(0.3) 7(0.9) 2(0.3) 1(0.3) 8(1.9) 0.0161

Individuals who do not declare general medical - - - - - -
conditions

Psychopharmacological treatment, 1 (%) 312 (100.0) 779 (100.0) 734 (100.0) 374 (100.0) 424 (100.0) -

(Continued)
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6-11years | 12-17 years | 18-25years | >25 years

Individuals currently prescribed with >1 64 (20.5) 300 (38.5) 333 (45.4) 180 (48.1) 306 (72.2) <0.0001
psychiatric drug

Antipsychotics 20 (6.4) 174 (22.3) 207 (28.2) 127 (34.0) 233 (55.0) <0.0001

Anticonvulsants 7(2.2) 34 (4.4) 74 (10.1) 76 (20.3) 163 (38.4) <0.0001

Anxiolytics 1(0.3) 6(0.8) 22 (3.0) 36 (9.6) 142 (33.5) <0.0001

Melatonin 37(11.9) 79 (10.1) 44 (6.0) 18 (4.8) 13 (3.1) <0.0001

Antidepressants - 12 (1.5) 41 (5.6) 43 (11.5) 70 (16.5) <0.0001

Methylphenidate 3(1.0) 51 (6.5) 69 (9.4) 8(2.1) 6(1.4) <0.0001

Individuals who do not declare 289 (92.6) 554 (71.1) 451 (1.4) 225 (60.1) 146 (34.4) <0.0001
psychopharmacological treatment

Condition of ID corresponds to an IQ test score <76. ID, intellectual disability; IQ, intelligence quotient; OCD, obsessive-compulsive disorder. International Classification of Diseases 10th

Revision (ICD-10) codes between brackets.

more frequently reported in children, which may be due to elder
individuals’ under- or delayed diagnosis (69).

The risk for health-related issues also depends on the
presence of ID (70, 71). Global estimates on the prevalence of
cognitive impairment in ASD greatly vary across publications.
The percentage found in our study (47.7% of tested individuals)
falls between the estimated range of 40-61% (72), although newer
evidence suggests that it can go down to 30% (31). Few studies
have addressed the influence of ID on the health status of ASD
individuals. In the meta-analysis performed by Lai and colleagues,
heterogeneity in prevalence estimates of mental comorbidities in
ASD was associated with intellectual functioning, besides other
variables (26). Another publication of the same year found a high
physical and mental comorbidity burden in adults with ASD and
ID (mean age = 42.9) that was comparable to that of the general and
older geriatric population (mean age = 79) from the same hospital
(32). In our comparative analysis, an extensive range of physical
and mental comorbidities were associated with the presence of ID,
except for personality disorders and ADHD, possibly because they
are challenging to diagnose in this context.

4.4.1. Study limitations

Due to the retrospective nature of our research, there are
some related limitations that must be taken into account when
interpreting the results.

Although only clinically confirmed health issues according
to international classifications had been included, changes in
diagnosis criteria of those coexistent conditions over time and
missing data could have biased our results.

Also, the sample representativeness is limited because most
of the participants where related to autism organizations or
specialized supporting services. We were not able to obtain enough
information from autistic people who were not related to that
network, so it is not clear whether our results can be generalized to
the whole ASD population in Spain, even being coincident, in some
extent, with those obtained in similar studies in Europe (3, 58).

This sampling bias may be especially relevant for women
and older participants. As already mentioned, we have observed
from our registry that the socio-economic, educational and health
context of women applicants is usually more disadvantageous
compared with male counterparts and globally, adults (especially
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elderly persons) with ASD are underrepresented in research, and
so they are in the present study.

Finally, comparisons with the non-ASD population could
not be made, and for some analyses, such as the distribution
of genetic disorders, our sample size was too small to allow
making any inferences.

4.4.2. Future research

According to our findings and the related scientific literature,
it is urgent to enhance the autistic community access to health,
improving prevention, identification and management of the
conditions that affect their physical and emotional wellbeing.
This should include up-to-date training for health professionals
regarding ASD, as well as providing resources and guidance to
prevent, diagnose and treat comorbidities in a timely and effective
manner, including more routine health check-ups and promoting
healthy lifestyle changes.

In the future, it will be as well necessary to explore how the
aforementioned and other co-occurring conditions impact autistic
people’s QoL, their emotional well-being and adaptive functioning,
and are subject to sex-based differences.

To increase sample representativeness, further epidemiologic
studies with large cohorts are also needed, especially with elder
adults and those who are not related to the ASD specialized
organizations or do not usually receive any support services.
There is a lack of scientific information on the health profile
of people with ASD who do not have access to those networks,
probably because they have less information and opportunities to
participate in health research too. The specific ASD conditions
that favor membership in associations could also be linked to
health variables, or maybe these organizations support their
members in a way that influences their health needs (73). Data
from typical controls such as health records, registries and
surveys will also be necessary to compare the prevalence of
comorbidities in ASD to the general population and pinpoint any
associated risk factors.

From a public health perspective, other risk factors such
as poor nutritional habits, little physical activity, long-term
psychopharmacological treatments and institutionalization
increase health problems morbidity among autistic people (28).
It has also been suggested that children, adolescents and young
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TABLE 5 Functional disability, nervous system, and mental health disorders, general medical conditions and psychopharmacological treatment

according to intellectual quotient groups.

[@ =/ 1Q <76 Size effects: P-value
Cramer’s V or OR (IC 95%)

Degree of functional disability, n (%) 352 (100.0) 399 (100.0) 0.117 <0.0001
<33% 22 (6.3) 1(0.3) - -
33-64% 280 (79.5) 162 (40.6) - -
65-74% 43 (12.2) 67 (16.8) - -
>75% 7 (2.0) 169 (42.4) - -

Nervous system disorders, 1 (%) 463 (100.0) 422 (100.0) - -
Individuals with >1 nervous system disorder 20 (4.3) 94 (22.3) 0.16 (0.10-0.26) <0.0001
Epilepsy and recurrent epileptic seizures G40.X) 11 (2.4) 85 (20.1) 0.10 (0.05-0.18) <0.0001

Mental health disorders, 1 (%) 463 (100.0) 422 (100.0) - -
Individuals with >1 mental health disorder 141 (30.5) 134 (31.8) 0.94 (0.71-1.25) 0.6764
Type - - - -
Impulse-control and disruptive behavior disorders (F63) 27 (5.8) 73 (17.3) 0.30 (0.19-0.47) <0.0001
Obsessive compulsive disorder (F42.X) 11 (2.4) 25(5.9) 0.39 (0.19-0.80) 0.0076
Others 96 (100.0) 46 (100.0) 2.14 (1.46-3.13) <0.0001
Attention deficit and hyperactivity disorder (F90.X) 73 (76.0) 25 (54.3) 2.97 (1.85-4.78) -
Personality disorders (F60.X) 10 (10.4) 4(8.7) 2.31(0.72-7.41) -

General medical conditions, 7 (%) 463 (100.0) 422 (100.0) - -
Individuals with >1 comorbid condition 85 (18.4) 165 (39.1) 0.35 (0.26-0.48) <0.0001
Overweight and obesity (E66.X) 17 (3.7) 31(7.3) 0.48 (0.26-0.88) 0.0159
Sleep-wake disturbances (F51.3) 12 (2.6) 60 (14.2) 0.16 (0.09-0.30) <0.0001
Intestinal disorders (K55-K63) 9(1.9) 31(7.3) 0.25 (0.12-0.53) 0.0001
Dentofacial anomalies and other mandibular disorders 4(0.9) 19 (4.5) 0.18 (0.06-0.55) 0.0007

(M26-M27)

Gastric ulcer (K25.X), gastritis (K29.0-7) or esophagitis 0(0.0) 8(1.9) - 0.0029

(K20.X)

Psychopharmacological treatment, # (%) - - - -
Individuals currently prescribed with > 1 psychiatric drug 149 (32.2) 246 (58.3) 0.34 (0.26-0.45) <0.0001
Antipsychotics 68 (14.7) 172 (40.8) 0.25(0.18-0.35) <0.0001
Methylphenidate 53 (11.4) 15(3.6) 3.51(1.95-6.32) <0.0001
Anticonvulsants 16 (3.5) 96 (22.7) 0.12 (0.07-0.21) <0.0001
Melatonin 13 (2.8) 33(7.8) 0.34 (0.18-0.66) 0.0008
Anxiolytics 12 (2.6) 50 (11.8) 0.20 (0.10-0.38) <0.0001

Condition of disability is defined by a degree of functional disability of >33%. Condition of intellectual disability (ID) corresponds to an IQ test score <76. OR only shown for dichotomous
variables. CI, confidence interval; IQ, intelligence quotient; OCD, obsessive-compulsive disorder; OR, odds ratio. International Classification of Diseases 10th Revision (ICD-10) codes

between brackets.

adults on the spectrum are more vulnerable to health comorbidities
than non-autistic population (22, 24, 25, 74). Finally, difficulties in
accessing health care services have also been described for people
with ASD, translating into diagnostic and treatment delays (26, 28,
29). All of these areas are amenable to further investigation.
Although the conclusions are still speculative, there seems to
exist an association with maternal lifestyle and subsequent diseases
(obesity, diabetes, epilepsy and antiepileptic drugs, among others),
exposure to specific nutrients and pollutants during pregnancy,
advanced parental age and birth complications associated with
neonatal hypoxia/ischemia (56, 75-77). Unfortunately, those risk
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conditions were not included in the registry, and more research is
needed to explore their contribution to ASD etiology.

Even though autistic people utilize more health care resources
(outpatient visits, emergency room services and hospitalization),
they are also more likely to report unmet medical needs, low
satisfaction regarding the medical attention received and poor
inter-personal communication with health care providers (29).
There is an urgent need to increase research that captures the
autistic community perspective about those challenges and barriers.

Qualitative and quantitative mixed methods should be applied
to identify the key factors that affect the health status and wellbeing
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of autistic people, taking advantage of the strengths of both
approaches and enriching the research results (78, 79).

Also, improving participatory research is necessary, where
people on the autism spectrum have an active role in prioritizing the
research objectives and how to reach them, and provide feedback to
be subsequently analysed and interpreted (80, 81).

To contribute to these efforts, our study has described the
health challenges that require urgent awareness and at least some
of the main factors (age, sex, and ID) that increase the vulnerability
of people on the autism spectrum and deteriorate their wellbeing
and QoL. There is a need to determine what factors besides ID
contribute to shaping adaptive functioning in autism and QoL, for
instance, mental and physical health status, social and workplace
inclusion, access to educational, social participation, specialized
support resources, and equality of opportunities. The extent to
which global health status influences all these outcomes, especially
in adulthood and middle age and beyond, remains to be clarified,
and it is one of the main priorities considered in the public policies
related to ASD around the world (3, 62).
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Background: Autism spectrum disorder (ASD) is a neurodevelopmental problem
that presents with limited interests, repetitive behaviors, and deficits in reciprocal
communication and social interactions. Mounting evidence indicates that
an imbalanced gut microbiota contributes to autism via the gut-brain axis.
Constipation may result in alteration of the gut microbiota. The clinical influence
of constipation on ASD has not been fully researched. Thus, in this study
we aimed to evaluate whether early childhood constipation influenced the risk of
developing ASD using a nationwide population-based cohort study.

Methods: We identified 12,935 constipated children aged 3years or younger
from the National Health Insurance Research Database (NHIRD) in Taiwan from
1997 to 2013. Non-constipated children were also selected from the database
and propensity score matching of age, gender, and underlying comorbidities was
conducted with a ratio of 1:1. Kaplan—Meier analysis was applied to determine
different levels of constipation severity and cumulative incidence of autism.
Subgroup analysis was also applied in this study.

Results: The incidence rate of ASD was 12.36 per 100,000 person-months in the
constipation group, which was higher than the rate of 7.84 per 100,000 person-
months noted in the non-constipation controls. Constipated children had a
significantly higher risk of autism when compared to the non-constipation group
(crude relative risk=1.458, 95% Cl=1.116-1.904; adjusted hazard ratio=1.445, 95%
Cl=1.095-1.907).

Moreover, among constipated children, a higher number of laxative prescriptions,
male gender, constipation during infancy, and atopic dermatitis were significantly
associated with higher risks of ASD when compared to the non-constipation

group.
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Conclusion: Constipation in early childhood was correlated with a significantly
increased risk of ASD. Clinicians should pay attention to the possibility of ASD
in constipated children. Further research is necessary to study the possible
pathophysiological mechanisms of this association.

constipation, autism, microbiota, national cohort study, infant constipation, autistic
spectrum disorder, National Health Insurance Research Database, gut-brain axis

Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental
problem characterized by persistent deficits in reciprocal
communication and social interaction. Children with ASD often
present with limited interests, repetitive behavior, and varying levels
of intellectual disability (1). In a recent meta-analysis, a higher
prevalence was noted in boys compared with girls, with a male-to-
female ratio of about 3 to 1 (2). A male-to-female ratio of 7 to 1 was
found among 13,000 autistic patients in Taiwan, according to data
from the Ministry of Health and Welfare in 2018 (3). Despite the
increased prevalence of ASD in the past few decades, the underlying
etiological factors remain unclear and there seems to be complicated
interactions between genetic and environmental factors. These factors
and the resultant variety of symptoms mean that the therapeutic
targets are complex. Efforts are underway to find genetic or
pathophysiological pathways shared by animal models and humans in
order to identify a common method for better treatment targeting (4).
The roles of prenatal exposure to risk factors, such as maternal-specific
drug use, prenatal steroid exposure, old parental age, and use of
antibiotics in the prevention of autism have been investigated in recent
years (5-7). The latest studies have focused on biological molecular
mechanisms, such as short chain fatty acid, which is considered to be a
key connection between gut microbiota and mental diseases, brain-
derived neurotrophic factor (BDNF), lipopolysaccharide (LPS),
indole, as well as other immunological biomarkers appear to
be involved in the biochemical mechanism of autism (8-12). However,
exposure to risk factors and the mechanisms of autism in young
children, especially in toddlers and infants have not been well
studied yet.

Constipation is a common problem in the pediatric population.
Even if constipation does not pose a serious threat to health, the
related symptoms often have a highly detrimental effect on quality of
life (QoL) in children, such as physical pain, emotional distress, social
interaction, school life, and vitality (13). If left untreated, there may
be persistent follow-up visits to the outpatient department (OPD),
emergent hospital visits, and increased cost of health burden (14). In
recent studies, constipation was shown to increase the risk of
worsening renal function, childhood nocturnal enuresis, Parkinson’s
disease, and allergic rhinitis, among other conditions (15-18). As for
the treatment of constipation, prokinetic agents, osmo-or non-osmotic
laxative agents, and probiotics are now used to relieve constipation
and to regulate the bacterial flora in the intestinal tract (19, 20).
Researchers have investigated the impact of constipation on multiple
systems in our body (21). Dysbiosis may be the shared pathway
between those disorders. Furthermore, the phenomenon of altered gut
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microbiome, if discovered to be a marked risk factor of autism, is
potentially more treatable, analyzable, and preventable, compared
with other disease risk factors and exposures, such as antenatal
exposure, maternal metabolic condition, metabolic disorders in
newborn, and genetic expression.

Dysbiosis, known as an imbalance in the composition or function
of the microbial species in the intestinal tract, is believed to be one of
the results of or an aggravating factor in constipation (19). It has been
shown to induce alterations in the body, and to affect systemic
pathways, which in turn have an impact on our central nervous system
(CNS) (22, 23). The “microbiome-gut-brain axis” is known to play an
important role in the pathogenesis of neurodevelopmental diseases,
such as ASD (24).

Interestingly, in children with ASD, constipation is known to
be a clinically significant gastrointestinal symptom, and severity of
constipation has been shown to be correlated with autistic
symptoms. (25-27). This correlation serves as a reminder that
constipation may alter the gut microenvironment by significantly
elevating the amount of specific kinds of bacteria, lowering bacterial
diversity, and inducing an abnormal level of short chain fatty acids,
phenomena which have been proven to be associated with ASD
(28-32). Although the microbiome-gut-brain axis and its
mechanisms, as well as the relationships between risk factors and
diseases, including related treatments, have been extensively
studied, there are no data focusing on the association between early-
aged pediatric constipation and subsequent risk of an ASD
diagnosis. We thus hypothesized that early childhood constipation
might lead to a higher ASD risk via the microbiome-gut-brain axis
and investigated the association between early childhood
constipation and ASD by assessing a population-based retrospective,
nationwide cohort from Taiwan’s National Health Institute Research
Database (NHIRD).

Materials and methods
Data sources and study design

This was a retrospective cohort study using data collected from
the National Health Insurance Research Database (NHIRD). The
National Health Insurance (NHI) program provides healthcare for
more than 99% of Taiwan’s population of around 23 million people.
The NHIRD comprises all NHI claims data, including not only
medical records of treatments and diagnoses from the outpatient
department, but also documents recorded during hospitalization and
in the emergency room (33). Eligible pediatric patients diagnosed
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with constipation during 1997-2013 were identified from the
Longitudinal Health Insurance Database (LHID), which is a subset of
one million subjects randomly sampled from the 23 million NHI
beneficiaries in the NHIRD. Patients in the LHID are not statistically
different those in the NHIRD in
demographic distribution.

from terms  of

To guarantee the validity of these data, both autism and
constipation required confirmation by not less than two OPD records
or at least one inpatient discharge diagnosis, and all diagnoses were
peer-reviewed. The sampled data were de-identified. The study was
approved by the Institutional Review Board of Chung Shan Medical
University and Hospital
number CS15134).

in Taichung, Taiwan (Approval

Case definition for the constipation cohort
and selection of comparisons

We retrieved insurance claim records from the LHID for the
period 1997 to 2013. A diagnosis of constipation in pediatric
patients was defined as an ICD-9-CM code 564.0 in two or more
OPD visits or in at least one inpatient discharge note for children
younger than 3 years old during the period 2001 to 2011, so as to
validate the diagnosis of autism and constipation. The number of
autism cases identified after early-aged constipation was compared
with that in non-constipated children. We defined the first date of
constipation diagnosis +1 year as the index date. For early-aged
children with constipation, their history of exposure to laxatives
(ATC code: AO6A, A02AA02) was identified between constipation
diagnosis and the index date, that was used to estimate the severity
levels of constipation and the effect on the development of autism.
The enrolled children were followed up until the diagnosis of
autism, 31 December 2013, or withdrawal from the national
health
constipation. In order to ensure that every autistic condition

insurance system, whichever happened prior to
developed after constipation, we excluded the following children:
(1) pediatric patients with missing demographics, (2) born before
2001, (3) children diagnosed with autism before the index date,
(4) those whose diagnoses were made after 2011.

In order to reduce potential selection bias to a minimum,
propensity score matching was utilized in this study to select
non-constipation children, matching for age, gender, underlying
comorbidities, and index year, in order to minimize the influences
of potential confounders. The propensity score was estimated by
logistic regression, and was used to match the constipation and
non-constipation individuals at a ratio of I1:1. Absolute
standardized difference (AbSD) was calculated to ensure that the
selection of the constipation numbers and the matched
non-constipation controls was not biased. When AbSD was 0.1
or less, the features of both groups could be regarded as similar.
Therefore, propensity score matching was used to balance the
differences of baseline features and underlying comorbidities
between these two groups. Using propensity score matching,
participants without current or a history of constipation were
selected as controls accordingly. As antibiotics are known to have
serious effects on microbiome composition, antibiotics exposure
(ATC code: J01, A07A) of more than 28 days within 1 year before
the index date was propensity controlled and sensitivity analyzed.
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Outcome measurements in the
constipation cohort

As the primary outcome of the constipation cohort, the diagnosis
of autism was retrieved using the ICD-9-CM code 299.x for ASD at
two outpatient visits or in at least one inpatient discharge note. To
identify the children who had higher risk of autism following
constipation, subgroup analyses and multiple Cox regression of age,
gender, socioeconomic status, urbanization, hospitalized stays,
underlying comorbidities, and co-medication were conducted to
determine any associations. Ages of constipation onset were stratified
to 0-1, 1-2, and 2-3 (<3) years.

Covariates and comorbidities adjusted by
propensity score matching

The baseline features included age, sex, and underlying
comorbidities, such as asthma (ICD-9-CM =493), atopic dermatitis
(ICD-9-CM =691), preterm or low birth weight (ICD-9-CM =765),
neonatal infections (ICD-9-CM=771), congenital malformations
(ICD-9-CM =740-759), allergic rhinitis (ICD-9-CM =477), urticaria
(ICD-9-CM =708), (ICD-
9-CM =001-009), noninfective enteritis and colitis (ICD-
9-CM =555-558), and metabolic conditions [ICD-9-CM =250,
260-269, 270-279, 774, 775 (including diabetes mellitus, nutritional
deficiency, and inborn error disorders)], as well as use of

intestinal  infectious  diseases

co-medications that include the use of antihistamines (ATC
code=R06, D04AA) and antibiotics (ATC code=]J01, A07A) for
>28 days within 1 year before the index date. The comorbidities which
were noted between birth and the index date for at least one
hospitalization or two outpatient visits were analyzed. After propensity
score matching, the effects of the comorbidities and co-medications
on the outcome were better controlled and the differences

were minimized.

Statistical analysis

Overall, using a large, national health insurance database,
we retrieved data from early-aged (up to 3years old) constipated
children longitudinally, set a one-year washout period to minimize
possible causes other than constipation, and compared the study
group to the age-and sex-matched non-constipated children in order
to determine whether early constipation increases the risk of a
subsequent diagnosis of autism. The balance of baseline demographics
and underlying comorbidities between the constipation group and the
non-constipation group were evaluated by and presented with
ADSD. In this step of analysis, the possible confounding factors were
all controlled and matched. Other than basic personal and geographic
data, comorbidities such as allergic diseases, infectious problems,
inflammatory conditions, metabolic disorders, and certain drug
exposures that were believed to have a potential impact on the
mechanism of either constipation or autism were all included in the
analysis. Next, the severity of constipation was stratified into three
categories based on the numbers of prescriptions for laxative agents.
Kaplan—-Meier analysis was applied either before and after PSM to
assess the cumulative incidence of autism, including the dose-defined
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severity analysis, and determine the causal relationship between
constipation and autism. Log-rank test was utilized to calculate the
significance of differences between the groups. A Cox proportional
hazard model was applied to evaluate the hazard ratio of autism
between the study groups. In the next step, multiple Cox regression
and subgroup analysis were applied to identify the interaction within
groups or between other factors and the study group. Finally, due to
the marked effects that exposure to antibiotics may have on
microbiome composition, which could strongly confound our
primary outcome, sensitivity analysis was performed to exclude
antibiotics exposure prior to the index date. The statistical software
used was SAS version 9.4 (Statistical Analysis Software 9.4, SAS
Institute Inc., Cary, North Carolina, United States).

Results
Basic demographics of the study subjects

A total of 12,935 children who were newly diagnosed with
constipation were identified from the LHID. Patients who had been
diagnosed with ASD before the index date (n=13) were excluded
(Figure 1). There were 12,922 constipation patients and 25,844
non-constipated patients who were matched individually by sex and
birth year and selected for further analysis (Figure 1). After propensity
score matching of these potential confounding factors, 12,469 subjects
with constipation and an equal number of subjects without constipation
were selected for inclusion in the final cohort (Table 1). Patients with
constipation had a higher prevalence of asthma (14.46 vs. 10.50%, with
AbSD=0.120), atopic dermatitis (48.68 vs. 36.71%, with AbSD=0.244),
allergic rhinitis (27.60 vs. 17.88%, with AbSD =0.131), urticaria (21.40

10.3389/fpsyt.2023.1116239

vs. 16.30%, with AbSD=0.131), intestinal infectious diseases (47.11% vs.
37.63%, with AbSD =0.193), noninfective enteritis and colitis (74.25% vs.
63.25%, with AbSD=0.239), and metabolic conditions (28.39% vs.
19.49%, with AbSD=0.210), as well as greater prevalence rates of
antihistamines use (74.95 vs. 56.48%, with AbSD =0.397), and antibiotics
use (17.46 vs. 11.12%, with AbSD=0.182) before propensity score
matching; whereas the other comorbidities and risk factors for ASD,
including preterm or low birth weight, neonatal infections, and
congenital malformations of brain, were not different between the
constipation and non-constipation groups (AbSD <0.1). With respect to
the personal data between the age-and sex-matched non-constipation
and constipation group, geographic area distribution (AbSD=0.130) and
hospitalized stays (AbSD =0.230) seemed to be comparable between the
constipation and non-constipation group; whereas the socioeconomic
status (represented by insured unit type), and urbanization did not show
any differences (AbSD <0.1). After propensity score matching, there were
no statistically significant differences in any of the aforementioned
possible confounding risk factors, nor were there any differences in
underlying comorbidities between the constipation group and the
non-constipation group (all AbSD <0.1; Table 1).

Risk of autism in patients who had
constipation

Among the 12,922 patients with constipation, 125 cases
developed autism after constipation onset, which was identified in
over 1,011,294 observed person-months. The incidence rate (IR) of
autism was significantly higher in constipated children than in the
non-constipation controls (12.36 vs. 7.84 per 100,000 person-
months). Children who had constipation showed a significantly

LHID 2010, n = 985640

Excluded

1. Birth year before 2001, n = 902760.
| 2. Diagnosis of constipation after Jan 2013, n = 1597.

v

A4

Had clinical visit for constipation when
aged < 3 years, n = 12935.

No clinical visit for constipation before 3
years old, n = 68348.

Excluded
1. ASD before index date, n=13.

A 4

v

Cohort of constipation, n = 12922

FIGURE 1

study flow chart. t Patients had constipation (ICD-9564.0, two or more OPD visits or at least one inpatient discharge note) when aged <3years from

2001 to 2011.

A 4

Sex and birth year individually matched
with non-constipation cohort, n = 25844
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TABLE 1 Baseline characteristics among study groups.

Age- and sex-matched PSM

Non- Constipation Non- Constipation

constipation constipation
N 25,844 12,922 12,469 12,469
Sex 0.000 0.003
Female 13,738 (53.16%) 6,869 (53.16%) 6,623 (53.12%) 6,643 (53.28%)
Male 12,106 (46.84%) 6,053 (46.84%) 5,846 (46.88%) 5,826 (46.72%)
Age at diagnosis 0974 % 0.743 0974 % 0.743 0.000 0983 * 0.740 0976 * 0.743 0.009
0-1 7,484 (28.96%) 3,742 (28.96%) 3,524 (28.26%) 3,590 (28.79%)
1-2 11,558 (44.72%) 5,779 (44.72%) 5,636 (45.20%) 5,587 (44.81%)
2-3 6,802 (26.32%) 3,401 (26.32%) 3,309 (26.54%) 3,292 (26.40%)
Insured unit type 0.054 0.058
Government 1,348 (5.22%) 614 (4.75%) 552 (4.43%) 597 (4.79%)
Privately held company 11,872 (45.94%) 6,064 (46.93%) 5,878 (47.14%) 5,848 (46.90%)
Agricultural organizations 1873 (7.25%) 1,093 (8.46%) 1,063 (8.53%) 1,049 (8.41%)
Low-income 81 (0.31%) 35 (0.27%) 24 (0.19%) 35 (0.28%)
Non-labor force 2,522 (9.76%) 1,168 (9.04%) 1,076 (8.63%) 1,128 (9.05%)
Others 8,148 (31.53%) 3,948 (30.55%) 3,876 (31.09%) 3,812 (30.57%)
Urbanization 0.090 0.000
Urban 15,515 (60.03%) 7,249 (56.10%) 7,085 (56.82%) 7,090 (56.86%)
Suburban 7,999 (30.95%) 4,284 (33.15%) 4,166 (33.41%) 4,145 (33.24%)
Rural 2,330 (9.02%) 1,389 (10.75%) 1,218 (9.77%) 1,234 (9.90%)
Geographic area 0.130 0.069
Taipei 9,356 (36.36%) 4,080 (31.79%) 3,973 (31.86%) 4,011 (32.17%)
North 4,282 (16.64%) 1952 (15.21%) 1917 (15.37%) 1909 (15.31%)
Central 4,833 (18.78%) 2,745 (21.39%) 2,636 (21.14%) 2,654 (21.28%)
South 3,313 (12.87%) 1857 (14.47%) 1810 (14.52%) 1785 (14.32%)
Kaohsiung/Pingtung 3,423 (13.30%) 1923 (14.98%) 1898 (15.22%) 1845 (14.80%)
East 528 (2.05%) 279 (2.17%) 235 (1.88%) 265 (2.13%)
Baseline hospitalized stays 0.230 0.041
0days 22,050 (85.32%) 9,772 (75.62%) 9,728 (78.02%) 9,636 (77.28%)
1-6days 2,751 (10.64%) 2,169 (16.79%) 1953 (15.66%) 1993 (15.98%)
>7days 1,043 (4.04%) 981 (7.59%) 788 (6.32%) 840 (6.74%)
Baseline comorbidities
Asthma 2,713 (10.50%) 1869 (14.46%) 0.120 1,657 (13.29%) 1732 (13.89%) 0.018
Atopic dermatitis 9,488 (36.71%) 6,291 (48.68%) 0.244 6,032 (48.38%) 5,919 (47.47%) 0.018
Preterm or low birth weight 614 (2.38%) 395 (3.06%) 0.042 343 (2.75%) 372 (2.98%) 0.014
Neonatal infections 1,283 (4.96%) 924 (7.15%) 0.092 804 (6.45%) 837 (6.71%) 0.011
Congenital malformations 2,880 (11.14%) 1858 (14.38%) 0.097 1,683 (13.50%) 1722 (13.81%) 0.009
Allergic rhinitis 4,622 (17.88%) 3,566 (27.60%) 0.233 3,158 (25.33%) 3,248 (26.05%) 0.017
Urticaria 4,212 (16.30%) 2,765 (21.40%) 0.131 2,550 (20.45%) 2,580 (20.69%) 0.006
Intestinal infectious diseases 9,725 (37.63%) 6,087 (47.11%) 0.193 5,738 (46.02%) 5,737 (46.01%) 0.000
Noninfective enteritis and colitis 16,346 (63.25%) 9,594 (74.25%) 0.239 9,297 (74.56%) 9,173 (73.57%) 0.023
Metabolic conditions 5,038 (19.49%) 3,668 (28.39%) 0.210 3,222 (25.84%) 3,362 (26.96%) 0.025
Baseline co-medication
Antihistamines 14,597 (56.48%) 9,685 (74.95%) 0.397 9,306 (74.63%) 9,252 (74.20%) 0.010
Antibiotics 2,875 (11.12%) 2,256 (17.46%) 0.182 1967 (15.78%) 2042 (16.38%) 0.016

AbSD, absolute standardized difference.
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higher risk of autism compared with the non-constipation group
(crude relative risk=1.458, 95% CI=1.116-1.904; adjusted
HR=1.431,95% CI=1.083-1.891, after adjusting for the confounders;
Table 2). Likewise, when stratifying the severity of constipation into
constipation without the need of laxatives (n=4,813), with one or two
laxative prescriptions (n=6,553), and with over three laxative
prescriptions (n=1,556), it was noted that patients with more
severe constipation, i.e., those receiving one or two laxative
prescriptions (IR =12.85; crude relative risk=1.528, 95% CI=1.099-
2.123; adjusted HR=1.517, 95% CI=1.082-2.128) or over three
laxative prescriptions (IR=19.89; crude relative risk=2.300, 95%
CI=1.387-3.815; adjusted HR=2.379, 95% CI=1.409-3.990) had a
significantly higher severity-related risk of developing autism
compared with the non-constipation group. The findings were similar
in the PSM cohort (Table 2).

The log-rank test in the Kaplan-Meier curve analysis revealed that
the cumulative risk of autism in the constipation group was
significantly higher than in the non-constipation group (Figure 2);
moreover, the findings were supported by the results of the log-rank
test in the Kaplan-Meier curve analysis when constipation was
stratified by level of severity (Figure 2). Similar findings were noted
after being controlled for propensity scores. Overall, the correlation
between study sets and development of autism could be observed not
only in the constipation group, but also in the severity analysis of
constipation (Table 2; Figure 2).

The Cox proportional hazard model revealed that regardless of the
use of propensity score matching, patients with constipation who
received any prescriptions for laxatives had significantly higher risk of
autism compared to patients without constipation [age- and
sex-matched subset (constipation with 1-2 laxatives: aHR=1.517, 95%
CI=1.082-2.218, p=0.0157; constipation with equal or more than 3
laxatives: aHR =2.379, 95% CI=1.419-3.990, p=0.0010), PSM subset
(constipation with 1-2 laxatives: aHR=2.002, 95% CI=1.341-2.989,
p=0.0007; constipation with equal or more than 3 laxatives: aHR=2.932,

TABLE 2 Incidence of autism in study group.

10.3389/fpsyt.2023.1116239

95% CI=1.660-5.180, p=0.0002)] (Table 3) [age- and sex-matched
subset (constipation with 1-2 laxatives: aHR=1.517, 95% CI=1.082-
2.218, p=0.0157; constipation with equal or more than 3 laxatives:
aHR=2.379, 95% CI=1.419-3.990, p=0.0010), PSM subset
(constipation with 1-2 laxatives: aHR=2.002, 95% CI=1.341-2.989,
Pp=0.0007; constipation with equal or more than 3 laxatives: aHR=2.932,
95% CI=1.660-5.180, p=0.0002)] (Table 3). Male participants had a
significantly higher risk of ASD compared to females (aHR=3.700, 95%
CI=2.486-5.506, p<0.0001) with or without PSM (aHR =4.682, 95%
CI=3.351-6.541, p<0.0001) (Table 3). Concerning the risk of ASD
among all enrolled children with underlying comorbidities, congenital
malformations (aHR=1.418, 95% CI=1.001-2.011, p=0.0496), allergic
rhinitis (@aHR=1.444, 95% CI=1.043-1.999, p=0.0269), and urticaria
(aHR=1.416, 95% CI=1.029-1.949, p=0.0326) were associated with
higher risks of autism. After PSM, atopic dermatitis (aHR =1.568, 95%
CI=1.109-2.218, p=0.0110) and allergic rhinitis (aHR=1.689, 95%
CI=1.160-2.458, p=0.0062) were associated with higher risks of autism
(Table 3). Aside from the comorbidities above, several other risk factors,
namely, rural urbanization (aHR=0.449, 95% CI=0.221-0.912,
p=0.0268) and prescriptions for antihistamines (aHR=0.648, 95%
CI=0.481-0.873, p=0.0043) showed associations with a lower risk for
ASD among the general population (Table 3).

Subgroup analysis of age, gender, and time
from constipation to autism onset

The subgroup analysis of the relationship between the risk of
developing autism and constipation revealed a significant correlation
in males (aHR =1.386, 95% CI=1.014-1.895), although this elevated
risk was not significant in females (aHR=1.522, 95% CI=0.817-
2.835). Likewise, the risk of ASD in the constipation group was
significantly higher among patients who had constipation during
infancy (aged 0-lyears; aHR=1.704, 95% CI=1.082-2.686).

Person- New autism Incidence Crude Relative Adjusted HR
months case rate*(95% C.Il.)  risk (95% C.1.) (95% C.1.)
Age-sex matched cohort
Non-constipation (1 =25,844) 2,026,818 159 7.84 (6.72-9.16) Reference Reference
Constipation (n=12,922) 1,011,294 125 12.36 (10.37-14.73) 1.458 (1.116-1.904) 1.431 (1.083-1.891)
Constipation subgroups
Without laxatives at baseline (n=4,813) 389,812 37 9.49 (6.88-13.10) 1.110 (0.733-1.682) 1.066 (0.699-1.626)
Laxatives with 1-2 prescriptions (n=6,553) 505,838 65 12.85 (10.08-16.38) 1.528 (1.099-2.123) 1.517 (1.082-2.128)
Laxatives with >3 prescriptions (n=1,556) 115,644 23 19.89 (13.22-29.93) 2.300 (1.387-3.815) 2.379 (1.419-3.990)
Propensity score-matched cohort
Non-constipation (1 =12,469) 977,594 48 4.91 (3.70-6.52) Reference Reference
Constipation (1 =12,469) 977,794 91 9.31 (7.58-11.43) 1.896 (1.337-2.690) 1.891 (1.333-2.684)
Constipation subgroups
Without laxatives at baseline (n=4,643) 376,621 27 7.17 (4.92-10.45) 1.481 (0.924-2.373) 1.446 (0.902-2.318)
Laxatives with 1-2 prescriptions (n=6,337) 490,016 48 9.80 (7.38-13.00) 1.984 (1.330-2.960) 2.002 (1.341-2.989)
Laxatives with >3 prescriptions (n=1,489) 111,157 16 14.39 (8.82-23.50) 2.879 (1.635-5.070) 2.932 (1.660-5.180)

Adjusted HR (aHR), hazard ratio, estimated by the multiple Cox proportional hazard regression, and the covariates included sex, age, insured unit type, urbanization, geographic area,

hospitalized stay, co-morbidities, and co-medication.*Incidence rate, per 100,000 person-months.
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Kaplan—Meier curves of cumulative probability of development of autism. Age- and sex-matched cohort PSM cohort
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However, the risk of autism in the constipation group was not
significantly higher for patients aged 1-2years (aHR=1.166, 95%
CI=0.745-1.823) or 2-3years (aHR=1.625, 95% CI=0.896-2.946;
Table 4).

For patients with constipation, those with atopic dermatitis
(aHR=1.770, 95% CI=1.192-2.626), allergic rhinitis (aHR =2.424,
95% CI=1.412-4.161), and noninfectious enteritis and colitis
(aHR=1.450, 95% CI=1.046-2.011) were at higher risk of
developing autism. Moreover, patients with constipation who used
antihistamines were at high risk of developing ASD (aHR =1.579,
95% CI=1.113-2.240; Table 4). After testing to determine the
of
antihistamines, antibiotics, and constipation on autism risk, none

effects interactions among sex, age, comorbidities,

showed any significant interactive effect.

Sensitivity analysis for exclusion of
antibiotics exposure

As antibiotics are considered to have a notable impact on
microbiome composition, subjects with antibiotics exposure prior to the
index date were excluded from the analyses. The adjusted hazard ratio
was estimated by multiple Cox proportional hazard regression, and the
covariates included sex, age, insured unit type, urbanization, geographic
area, hospitalized stay, comorbidities, and co-medication (Table 5). Even
though the exclusion of some subjects reduced the number of cases, the
result still showed that constipated early-aged children had significantly
higher risk of autism (aHR =1.486, 95% CI=1.095-2.016) compared to
the non-constipation group. Those receiving one or two laxative
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prescriptions (adjusted HR=1.525, 95% CI=1.048-2.220) or over three
laxative prescriptions (adjusted HR=2.355, 95% CI=1.310-4.234) had
a significantly higher severity-related risk of developing autism
compared with the non-constipation group.

Discussion

To date and to our best knowledge, this investigation is the first,
large, population-based, nationwide cohort study to evaluate the risk of
autistic disorder in young pediatric patients with constipation. Higher
risk of ASD was observed in constipated children, especially in more
severely constipated children who received more laxative prescriptions.
Other risk factors were male gender, constipation during infancy,
congenital malformations, atopic dermatitis, allergic rhinitis, urticaria,
and antihistamine usage. Clinicians should bear in mind that in severely
constipated children, gut patency is vitally important and there is a
higher risk of subsequent neurodevelopmental problems such as ASD.

It has been established over the past few decades that multiple
genetic and environmental factors have a deleterious impact on gut
flora, which in turn has been shown to be related to an increased risk
of autism (31, 32, 34-48). Previous studies have indicated that the gut
microbiome in children is still developing and is relatively unstable. The
establishment of the microbiome begins from birth, with various life
events causing disruptive changes in the gut microbiome, which is
highly variable and develops continuously before the child reaches
adulthood. Moreover, a previous study stated that there is an increased
ASD risk in children with abnormal early brain structural development
(39). In addition, structural and functional brain development happens
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TABLE 3 Multiple Cox regression for estimation of hazard ratio of autism among the age- and sex-matched and PSM cohort.

Age-sex matched PSM

aHR (95% C.1.) aHR (95% C.1.)
Study group
Non-constipation Reference Reference
Constipation without laxative 1.066 (0.699-1.626) 0.7675 1.446 (0.902-2.318) 0.1260
Constipation with 1-2 laxatives 1.517 (1.082-2.128) 0.0157 2.002 (1.341-2.989) 0.0007
Constipation with >3 laxatives 2.379 (1.419-3.990) 0.0010 2.932 (1.660-5.180) 0.0002
Sex
Female Reference Reference
Male 4.682 (3.351-6.541) <0.0001 3.700 (2.486-5.506) <0.0001
Age at diagnosis (years)
0-1 1.310 (0.965-1.779) 0.0837 1.406 (0.956-2.070) 0.0837
1-2 Reference Reference
2-3 0.929 (0.649-1.330) 0.6879 0.942 (0.601-1.477) 0.7939
Insured unit type
Government 0.954 (0.538-1.691) 0.8713 0.708 (0.309-1.625) 0.4153
Privately held company Reference Reference
Agricultural organizations 0.737 (0.380-1.431) 0.3672 0.566 (0.246-1.303) 0.1807
Low-income 1.443 (0.199-10.461) 0.7168 1.976 (0.267-14.613) 0.5048
Non-labor force 0.977 (0.616-1.548) 0.9201 0.609 (0.303-1.224) 0.1637
Others 1.031 (0.731-1.453) 0.8635 0.993 (0.648-1.522) 0.9755
Urbanization
Urban Reference Reference
Suburban 0.840 (0.610-1.157) 0.2861 0.958 (0.647-1.419) 0.8304
Rural 0.449 (0.221-0.912) 0.0268 0.664 (0.293-1.502) 0.3250
Geographic area
Taipei Reference Reference
North 0.973 (0.652-1.450) 0.8915 1.174 (0.712-1.934) 0.5304
Central 1.066 (0.716-1.588) 0.7540 1.051 (0.632-1.747) 0.8475
South 1.154 (0.742-1.794) 0.5262 1.175 (0.674-2.050) 0.5695
Kaohsiung/Pingtung 0.731 (0.452-1.182) 0.2017 0.857 (0.479-1.534) 0.6036
East 1.295 (0.512-3.276) 0.5850 1.323 (0.396-4.416) 0.6494
Baseline hospitalized stays
0days Reference Reference
1-6days 0.847 (0.557-1.290) 0.4404 0.866 (0.535-1.400) 0.5564
>7days 1.084 (0.610-1.924) 0.7834 1.073 (0.554-2.076) 0.8353
Comorbidities
Asthma 0.707 (0.450-1.113) 0.1348 0.593 (0.341-1.030) 0.0636
Atopic dermatitis 1.307 (0.991-1.724) 0.0584 1.568 (1.109-2.218) 0.0110
Preterm or low birth weight 1.548 (0.822-2.913) 0.1759 1.626 (0.772-3.425) 0.2006
Neonatal infections 1.161 (0.707-1.905) 0.5558 1.205 (0.672-2.162) 0.5319
Congenital malformations 1.418 (1.001-2.011) 0.0496 1.451 (0.954-2.207) 0.0821
Allergic rhinitis 1.444 (1.043-1.999) 0.0269 1.689 (1.160-2.458) 0.0062
Urticaria 1.416 (1.029-1.949) 0.0326 1.223 (0.821-1.822) 0.3225
Intestinal infectious diseases 1.016 (0.766-1.348) 0.9110 1.047 (0.740-1.480) 0.7958
Noninfective enteritis and colitis 1.040 (0.766-1.412) 0.8022 1.120 (0.740-1.695) 0.5929
Metabolic conditions 1.181 (0.852-1.638) 0.3176 1.247 (0.847-1.836) 0.2633
Co-medication
Antihistamine 0.648 (0.481-0.873) 0.0043 0.727 (0.489-1.080) 0.1143
Antibiotics 1.033 (0.682-1.564) 0.8778 1.010 (0.623-1.636) 0.9689
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TABLE 4 Subgroup analysis among the age- and sex-matched cohort.

Non- constipation

Constipation

10.3389/fpsyt.2023.1116239

p for interaction

Sex 0.5072
Female (n=20,607) Reference 1.522 (0.817-2.835)

Male (n=18,159) Reference 1.386 (1.014-1.895)

Age at diagnosis 0.2437
0-1(n=11,226) Reference 1.704 (1.082-2.686)

1-2 (n=17,337) Reference 1.166 (0.745-1.823)

2-3(n=10,203) Reference 1.625 (0.896-2.946)

Urbanization 0.7987
Urban (n=22,764) Reference 1.443 (1.021-2.041)

Suburban (n=12,283) Reference 1.459 (0.882-2.414)

Rural (n=3,719) Reference 1.098 (0.293-4.112)

Baseline hospitalized stays 0.3004
Oday (n=31,822) Reference 1.631 (1.194-2.229)

1-6 days (n=4,920) Reference 1.010 (0.471-2.164)

>7days (n=2024) Reference 0.669 (0.235-1.906)

Baseline co-morbidities

Asthma 0.5811
Without (n=234,184) Reference 1.382 (1.026-1.860)

With (n=4,582) Reference 1.816 (0.789-4.176)

Atopic dermatitis 0.1245
Without (1=22,987) Reference 1.134 (0.753-1.707)

With (n=15,779) Reference 1.770 (1.192-2.626)

Preterm or low birth weight 0.8653
Without (n=37,757) Reference 1.405 (1.056-1.871)

With (n=1,009) Reference 2.165 (0.567-8.270)

Neonatal infections 0.9094
Without (n=36,559) Reference 1.426 (1.066-1.907)

With (n=2,207) Reference 1.755 (0.668-4.612)

Congenital malformations 0.4017
Without (n=34,028) Reference 1.347 (0.985-1.840)

With (n=4,738) Reference 1.771 (0.940-3.336)

Allergic rhinitis 0.0500
Without (n=30,578) Reference 1.170 (0.835-1.641)

With (n=8,188) Reference 2.424 (1.412-4.161)

Urticaria 0.3747
Without (1=31,789) Reference 1.504 (1.094-2.067)

With (n=6,977) Reference 1.188 (0.667-2.114)

Intestinal infectious diseases 0.2257
Without (n=22,954) Reference 1.715 (1.187-2.476)

With (n=15,812) Reference 1.153 (0.755-1.760)

Noninfective enteritis and colitis 0.7009
Without (1=12,826) Reference 1.393 (0.813-2.386)

With (n=25,940) Reference 1.450 (1.046-2.011) 0.4085
Metabolic conditions

Without (n=30,060) Reference 1.573 (1.132-2.187)

With (n=8,706) Reference 1.110 (0.663-1.858)

Baseline co-medication

Antihistamine 0.3022
Without (n=14,484) Reference 1.234 (0.759-2.006)

With (n=24,282) Reference 1.579 (1.113-2.240)

Antibiotics 0.6598
Without (1=33,635) Reference 1.486 (1.095-2.016)

With (n=5,131) Reference 1.066 (0.540-2.105)

Frontiers in Psychiatry

63

frontiersin.org



https://doi.org/10.3389/fpsyt.2023.1116239
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Leeetal.

TABLE 5 Sensitivity analysis for exclusion of antibiotics exposure.

10.3389/fpsyt.2023.1116239

Exclusion of antibiotics exposure prior to index date

Non-constipation (1 =22,969)

Adjusted HR (95% C.I.)

Reference

Constipation (n=10,666)

1.486 (1.095-2.016)

Constipation subgroups

Without laxatives at baseline (n=3,996)

1.204 (0.768-1.888)

Laxatives with 1-2 prescriptions (n=5,417)

1.525 (1.048-2.220)

Laxatives with >3 prescriptions (n=1,253)

2.355 (1.310-4.234)

Adjusted HR, hazard ratio, estimated by the multiple Cox proportional hazard regression, and the covariates included sex, age, insured unit type, urbanization, geographic area, hospitalized

stay, co-morbidities, and co-medication at baseline.

mostly during the period from term birth to about 2 or 3years old (49).
This overlapping period between gut microbiota establishment and
main brain volume development suggests a potential relationship
between constipation and autism, which prompted the present
investigation of autism in constipated children in this age group. In our
study, compared with older children, constipated children younger than
lyear of age had the highest significant risk of developing
ASD. We speculate that this finding may be explained, at least in part,
by the immaturity of the gut microbiome and immune system in
infants. It is conceivable that the earlier the development of constipation,
the greater is the impact on dysbiosis and future ASD risk.
Constipation in infants and toddlers can lead to alterations of the
gut microbiota, changed level of SCFA, abnormal levels of
neurotransmitters, poor gut motility, and increased intestinal
permeability, which through the gut-immune axis and gut-brain axis
influence immune function, inflammatory processes, allergies, and
metabolic conditions, potentially leading to changes in brain
development with increased risk of ASD (22, 50-52). For example,
Vuong and Hsiao noted that constipation can cause abnormal SCFA
level, which was found to be closely related to proliferation and
differentiation of immune cells and nerves, and these findings are
consistent with findings reported by Stakenborg et al. and some animal
models (53-55). In addition, abnormal levels of some gut microbiome-
related neurotransmitters, such as serotonin and GABA, have been
observed in constipated and autistic children in studies by Marler et al.
and by Dinan and Cryan (56, 57). Poor motility and increased intestinal
permeability were observed in constipated ASD patients (51), based on
measurements of blood level of laxative agents after oral administration
(58), Lactobacillus quantity in feces (27), and proteins of the tight
junction in intestinal mucosa (40). As intestinal permeability increases,
resulting in leaky gut, gut bacterial metabolites, such as
lipopolysaccharide (LPS), brain-derived neurotrophic factor (BDNF),
indole, may pass the mucosal barrier, causing altered cytokine levels,
which then affect the brain via the gut-brain axis in young children
(8-12, 52). Furthermore, Kang et al. achieved some success with
microbiota transplant therapy in autistic children (59). In a recent study,
constipation showed worsening pre-existing dysbiosis in patients with
atopic diseases, such as atopic dermatitis and allergic rhinitis (14, 18).
Consistent with these findings, in our study, we also found that
constipated children with atopic dermatitis, allergic rhinitis, and
urticaria seemed to be predisposed to subsequent ASD. Children with
noninfective enteritis and colitis also had higher risk of autism. The
findings suggest possible evidence of a shared or similar biophysical
pathway in dysbiosis, involving a cofactor, bystander, or a crucial cause
playing a role in the mechanism of autism. Hence, children with allergic
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diseases or an inflammatory condition should be followed up to monitor
their gut microbiome composition and their developmental milestones.

It is known that exposure to antibiotics may have a serious
deleterious effect on the microbiome composition, which might have
markedly confounded our primary outcome, and therefore sensitivity
analysis was performed to exclude subjects with antibiotics exposure
lasting more than 28 days within 1 year prior to the index date. While
this reduced the number of patients in the analysis, the result still
showed that constipated early-aged children had significantly higher
risk of future autism. Those receiving laxative prescriptions had a
significantly higher severity-related risk of developing autism
compared with the non-constipation group.

Our study findings imply that early childhood constipation leads to
intestinal dysbiosis and the results of our analyses showed an association
of constipation with future risk of ASD. During the important period
when the microbiota is established, toddlers often have difficulty
expressing physical discomfort. Abnormal behaviors are easily
overlooked or may be incorrectly attributed to infantile colic, milk
protein allergy, infantile anorexia, or failure to try soft food. Therefore,
early detection of risks of dysbiosis, close monitoring of constipation, and
precise evaluation of the condition of the bowels, may help to restore an
imbalanced microbiome, and achieve patency and proper permeability
of the guts. Education of the family and children, surveillance of
developmental milestones, and referrals to a pediatric neurologist or
psychiatrist should be considered when there is evidence of prodromal
symptoms of ASD in young children with constipation (50).

The major advantages of this study include its large scale, with use of
nationwide data analysis, detailed medical records, and a long follow-up
period for both cohorts. Hence, our results can be considered reliable and
selection biases were minimized. Nevertheless, there were some
limitations that should be mentioned. First, the NHIRD does not contain
information regarding diet exposure, schooling performance,
neurological examinations, family history, personal lifestyle, genetic
sequencing, or gut microbiota analysis, which may have confounded the
analyses of ASD risk. Although we considered and adjusted for
medications and comorbidities and used propensity scores matching to
decrease the effects of possible confounding factors, these residual
variables might have biased our results. Second, the diagnoses of ASD,
constipation, and comorbidities were based on ICD-9 codes in this
database. Thus, the validity of diagnoses could not be confirmed by
reviewing personal medical documents and misclassifications may have
occurred. Fortunately, these misclassifications were possibly random, and
the association was often underestimated. Furthermore, an ad hoc
committee in Taiwan has been set up to monitor claims data in Taiwans
NHI administration to prevent any violations. Additionally, we only
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considered repeatedly-coded patients to improve the accuracy of these
diagnoses. Finally, nearly all of the children in this study were born in
Taiwan and therefore our findings might not be generalizable to other
countries or ethnic groups. The authors hope that the epidemiological
observations presented in this research can raise physicians’ awareness of
the relationship between autism and constipation in young
pediatric patients.

Conclusion

Children with constipation in early childhood had a significantly
greater risk of ASD compared with those without constipation.
Clinicians should look out for prodromal symptoms of ASD in young
children with constipation and be aware of the possibility of
neurodevelopmental problems in these patients. Furthermore,
pediatricians should assess the bowel condition, including the patency
and gut microbiota, in children with ASD. Further research is needed
to determine the precise pathophysiological mechanisms underlying
the association between constipation and ASD.
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Background: Sleep disorders are one of the most common problems in
children with Autism Spectrum Disorder (ASD). However, they often tend to
be underdiagnosed and incorrectly treated in clinical practice. This study aims
to identify sleep disorders in preschool children with ASD and to explore their
relationship with the core symptoms of autism, the child’s developmental and
cognitive level as well as the psychiatric comorbidities.

Methods: We recruited 163 preschool children with a diagnosis of ASD. The
Children’s Sleep Habits Questionnaire (CSHQ) assessed sleep conditions. Multiple
standardized tests were used to evaluate intellectual abilities, the presence of
repetitive behaviors (through the Repetitive Behavior Scale-Revised), as well as
the emotional-behavioral problems and the psychiatric comorbidities (through
the Child Behavior Checklist -CBCL 1'2-5).

Results: The results showed that poor disorders had consistently higher scores
in all areas assessed by the CSHQ and on the CBCL across all domains. The
correlational analysis showed that severe sleep disorders were associated with
higher scores in internalizing, externalizing, and total problems at the CBCL
syndromic scales, and in all DSM-oriented CBCL subscales. Moreover, we found
that the association between sleep disorders and restricted and repetitive
behaviors (RRBs) is explained by the anxiety-related symptoms.

Conclusion: Based on these findings, the study recommends that screening for
sleep problems followed by early intervention should constitute a routine part of
clinical practice for children with ASD.

sleep disorders, autism spectrum disorders, preschoolers, psychiatric comorbidities,
repetitive behaviors, behavioral problems

Introduction

Autism spectrum disorders (ASD) refer to a diverse set of neurodevelopmental conditions that
are marked by noticeable deficits in social interaction and communication, as well as unusual
sensori-motor behaviors or interests that may be repetitive or restrictive in nature. The symptoms
caused by ASD appear from early childhood and negatively impact the child’s daily functioning (1).
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Sleep disorders (SD) are certainly among the most reported
problems in individuals with ASD of all ages and have a negative
impact on daily functioning, learning, and behavior, not only of the
person with ASD but also of the entire family (2). Indeed, an up-to-
date review that used the Diagnostic and Statistical Manual of Mental
Disorders Fifth Edition (DSM-5)'s most stringent criteria to identify
sleep disorders emphasized that the ASD population had a prevalence
rate of 13%, which is significantly higher than the 3.7% rate observed
in the general population (3). Studies specifically focusing on pediatric
samples report that one-half up to two-thirds of children with ASD
might have SD (4-7) and underline the importance of early diagnosis
and treatment to avoid the tendency of these disorders to become
chronic (6, 8). A different comprehensive assessment of sleep
disturbances using both subjective and objective measures discovered
notable sleep difficulties in children with ASD in comparison to their
typically developing counterparts. These issues included significantly
reduced total sleep duration, prolonged time taken to fall asleep, and
lower quality of sleep (9).

While there is substantial literature on sleep disorders in
individuals with ASD, only a few studies have specifically focused on
the preschool population. A study by Krakowiak and colleagues
investigated the sleep patterns of children between the ages of 2 and 5
with ASD, as compared to children with other types of developmental
delays (DD) and typical development (TD). The authors used the
Childrens Sleep Habits Questionnaire (CSHQ), which was
administered to parents to collect data on their childrens sleep
patterns. They observed that at least one sleep issue occurred
frequently in 53% of children with ASD, which is higher than the 46%
observed in children with DD and the 32% noted in TD peers. The
most common sleep difficulties reported in the ASD group were
trouble falling asleep and waking up during the night (10). In a similar
vein, a more recent study using a larger cohort of patients aged 2 to
5years found similar results using the CSHQ, comparing different
groups (ASD, DD with ASD symptoms, DD without ASD, and TD).
Caregiver reports of sleep issues in children with ASD were 47%, DD
with ASD were 57%, DD without ASD were 29%, and TD were 25%
(11). Both studies emphasized the significance of early detection of
sleep issues due to the effects of inadequate sleep on a child’s behavior
throughout the day and on their quality of life (10, 11).

Sleep questionnaires are one of the most commonly used tools to
investigate subjective sleep characteristics and problems in children.
These questionnaires are also important in highlighting the impact of
sleep problems on the quality of life of families with children who have
ASD and SD. One of the most frequently used questionnaires is the
Children’s Sleep Habits Questionnaire (CSHQ), which was designed
specifically for the evaluation of children by Owens et al. in 2000 (12).
This questionnaire was later validated in toddlers and preschool
children with TD, ASD, and other DD by Goodlin-Jones et al. (13).
Eventually, it was specifically modified for the ASD population by Katz
et al. (14). The validity and usefulness of the CSHQ in the ASD
population and in particular in preschool children have been
confirmed by several studies (9, 15, 16).

Other similar questionnaires, such as the Sleep Disturbance Scale
for Children (SDSC), are used to evaluate sleep disturbances in infants
and toddlers (17). The SDSC was recently used by Romeo et al. to
assess sleep disorders in preschoolers with ASD, and revealed that 46%
of children with ASD have at least one SD, compared to 15% in the
control group. Difficulty in initiating and maintaining sleep, excessive
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daily somnolence, and sleep hyperhidrosis showed higher subscale
scores (18).

Overall, screening for sleep problems in all children with ASD
should be recommended, and a sleep specialist should be consulted
when comorbid sleep disorders are suspected (19). Parental
questionnaires have the benefit of saving time and costs, can be used
as a follow-up instrument, and can measure a broad range of
sleep parameters.

Recent literature reviews have analyzed the relationship between
sleep disturbance and daytime behavior in the ASD population (4,
20-22). A large cross-sectional study on 1,193 children with ASD
showed that children with ASD and SD demonstrated higher
internalizing and externalizing behavior problems identified by the
Child Behavior Check-List (CBCL) (23). Malow et al. investigated the
correlation between parentally reported sleep problems in ASD,
objective polysomnographic findings, and measures of daytime
behavior. The authors divided ASD children into two groups: poor
sleepers and good sleepers, based on the CSHQ total score, and
observed higher T-scores on all scales of the CBCL in the poor sleeper
group, with more clinical scores in affective, attention, and anxious/
depressed subscales (24).

The vast majority of studies investigating the correlation between
SD and daytime behavior in ASD are conducted with school-aged
samples, while only a few have focused on the pre-school population.
Among these, a recent study using the CSHQ and the CBCL found a
remarkable difference in the effect of parasomnias on internalizing,
externalizing, and total problems in children with ASD (25).

In the current study, we focus on an ASD population of infants and
toddlers, with an age range between 21 and 66 months. Sleep problems in
this age range are certainly less investigated in literature compared to older
ages. We used the CSHQ filled in by parents to identify good and poor
sleepers in our sample of children with ASD, with the aim of (a) assessing
the prevalence of SD in our population sample, and (b) identifying
possible correlations between sleep problems and autistic core symptoms,
cognitive functioning, restricted and repetitive behaviors, as well as
emotional-behavioral problems through standardized tools and
questionnaires used in daily clinical practice.

Participants

Between January 2020 and August 2022, we conducted a cross-
sectional study (refer to Table 1) on 163 preschoolers with a diagnosis
of ASD. These children, aged between 21 and 66 months (with a mean
age of 43.37 months and SD of 12.56 months) were recruited from two
different Italian child care centers. Of the 163 children, 127 were boys
and 36 were girls, with 50 children from IRCCS Fondazione Stella
Maris in Pisa and 113 children from Stella Maris Mediterraneo
Foundation in Matera. In the current study, we enrolled participants
who had received a diagnosis of ASD in accordance with DSM-5
criteria (1). A multidisciplinary team, consisting of a senior child
psychiatrist and an experienced research child psychologist, was
responsible for performing the diagnosis. To confirm the clinical
diagnosis, we used the Autism Diagnostic Observation Schedule,
Second Edition (ADOS-2) (26), which is considered the gold-standard
semi-structured instrument for observing and assessing
communication abilities, social interaction, play quality, and

imagination in children.
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TABLE 1 Demographic, clinical characteristics in the total sample (n=163), and in each sleep group.

Whole sample Good sleeper Poor sleeper t-test or X? Value of p Effect size
(n=163) (n=89) (n=74)

Age (months)
M (SD) 43.37 (12.56) 43.56 (13.1) 43.14 (11.96) tagy=0.21 ‘ p=0.83 ‘ -
Range 21-66 25-66 21-66
Gender (F:M) 36 (22%): 127 (78%) 19 (22%): 70 (78%) 17 (23%): 57 (77%) X*=0.80 ‘ p=0.85 ‘ -
Performance I1Q
M (SD) 65.59 (22.90) 66.94 (22.04) 63.96 (23.94) fsn=0.82 ‘ p=0.40 ‘ -
Range 13-133 23-122 13-133
Social affect ADOS
M (SD) range ‘ 14.03 (4) 4-20 ‘ 13.88 (3.82) 4-20 ‘ 14.20 (4.22) 4-20 ‘ tasn=—0.48 ‘ p=091 ‘ -
RRB ADOS
M (SD) range ‘ 3.76 (1.89) 0-8 ‘ 3.85(1.93) 0-8 ‘ 3.65 (1.86) 0-8 ‘ f61=0.66 ‘ p=0.62 ‘ -
ADOS total score
M (SD) range 17.80 (4.88) 5-28 ‘ 17.76 (4.65) 7-28 ‘ 17.85 (5.18) 5-27 ‘ fagy=—0.14 ‘ =051 ‘ -

Significant comparisons are highlighted in bold (p <0.05).

We excluded any cases of syndromic autism or recognized causes
of ASD, as well as children who had used psychotropic medications in
the 2 months before the evaluation. All participants were residents of
Italy. We conducted the study in accordance with the ethical standards
for good practice and the guidelines outlined in the Declaration of
Helsinki. Written informed consent was acquired from the parent or
caregiver of each participant.

Cognitive assessment

Given the variations in verbal skills and functioning levels in
children with ASD, a variety of standardized tests have been used to
measure their intellectual abilities. These tests include the Leiter
International Performance Scale-Revised (LIPS-R) (27), the Griffiths
Mental Developmental Scales-Extended-Revised (GMDS-ER) (28),
and the Italian version of the Wechsler Preschool and Primary Scale
of Intelligence (WPPSI) (29).

We selected these tests to ensure a comprehensive assessment of
intellectual abilities in children with ASD, considering the diverse
range of skills and abilities that may be present in this population. In
cases where a mental age (MA) was provided by the test, we estimated
the child’s IQ by dividing their MA by their chronological age (CA)
and multiplying the result by 100: MA/CA x 100. For this study,
we focused on non-verbal IQ scores (performance IQ or pIQ).

Children’s Sleep Habits Questionnaire

The Children’s Sleep Habits Questionnaire (CSHQ) is a widely
accepted and scientifically validated questionnaire used to assess
sleep-related problems in children aged 3 to 10years old (12). It has
been used with even younger children, as young as 2years old (13),
and has also been applied in studies with autistic adolescents (30). The
Children’s Sleep Habits Questionnaire (CSHQ) covers various aspects
of sleep, including sleep onset, sleep maintenance, parasomnias, and
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daytime sleepiness. This questionnaire is widely used in research to
evaluate the prevalence and severity of sleep disturbances in children
and to assess the effectiveness of interventions aimed at improving
sleep. In clinical settings, the CSHQ is used to identify children with
sleep problems and track changes in their sleep patterns over time. The
CSHQ provides both a total score and subscale scores across different
sleep problems. A total score of 41 is suggested to be the cut-off for
identifying sleep problems (12). The psychometric properties of the
CSHQ are provided alongside reference values for subscales, which
are useful for comparing clinical and community groups (12). In the
present investigation, based on the approach of previous studies (11,
23), CSHQ total scores of 48 and above were defined as a more
conservative cut-off to identify children having SD. The reason for
using a cut-off of 48 was first of all to avoid an overestimation of sleep
disturbances in children of such a young age as in our sample, who are
very often subject to sleep disturbances that are not necessarily
pathological and because the CSQH is calibrated on a larger reference
population in terms of age (12). This methodological choice is also
supported by literature: indeed, there are several different works that
have highlighted how the cut-off of 48 had a higher sensitivity in
different populations both with TD (31, 32), and with
neurodevelopmental disorders, such as DD and young children with
ASD in very large samples (11, 23).

Based on the clinical cut-off of the CSHQ, we divided the whole
sample into good sleepers (CSQH Total Score <48) and poor sleepers
(CSQH Total Score >48), as shown in Table 1.

Child Behavior Checklist 112-5

The Child Behavior Checklist (CBCL 1%2-5) (33), which is widely
used to evaluate children’s behavior, was used in this study. The
questionnaire involves parents rating a child’s behaviors using a three-
point scale, with 0 meaning “not true,” 1 meaning “somewhat or
sometimes true,” and 2 meaning “very true or often true” The CBCL
generates scores for seven syndrome scales, three summary scales, and
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five DSM-Oriented scales (DOS). Clinical significance is defined as a
T-score of 64 or higher for summary scales and a T-score of 70 or
higher for syndrome and DOS. A borderline clinical range is indicated
by values between 60 and 63 for summary scales or between 65 and
69 for syndrome and DOS. Clinically relevant values are those above
65 for the other scales and below 60 for the summary scales. According
to other research on screening (34-36) and psychiatric comorbidity
(37-39) in young children with ASD, we adopted the borderline
cut-off score (T score 60 for summary scales and T score 65 for DOS)
in this investigation. Recently, it has been suggested that the adoption
of lower clinical CBCL thresholds for preschoolers is being considered,
as using identical thresholds for both preschoolers and school-age
children is being questioned (40). Moreover, research has indicated
that parents and teachers evaluate this age group of children using less
strict standards than they do older children, both in terms of
internalizing (41), and externalizing behaviors (42).

Repetitive Behavior Scale-Revised

The Italian version of the Repetitive Behavior Scale-Revised
(RBS-R) (43, 44) was used to measure repetitive behaviors in people
with ASD. The RBS-R is a 43-item questionnaire completed by
caregivers, which assesses a wide range of restricted and repetitive
behaviors observed in the individual over the past month. It is divided
into six subcategories that cover different types of behaviors, such as
compulsive, self-injurious, ritualistic, restricted, insistence on sameness,
and stereotypical behaviors. Studies on the RBS-R have found that it can
be divided into either five or three factors (45, 46). The questionnaire
produces both a count score and a severity score, with the count score
reflecting the number of items endorsed by the parents or caregivers
and the severity score reflecting the parents or caregivers’ assessment of
the severity of the behavior. Previous studies have recommended using
the count score in analysis to reduce bias and increase accuracy (47).

Data analysis

We examined the normality of continuous variables through both
skewness tests and Kolgomorov-Smirnov testing. For categorical and
continuous independent variables, we utilized descriptive analysis,
chi-square analysis, and t-tests, respectively. To assess whether there were
differences in age, PIQ, CSHQ scores, and CBCL scales across all groups,
we performed an independent sample t-test. We conducted both simple
and partial correlation analyses to investigate the relationships between
sleep and clinical variables, and used logistic regression to examine any
associations between sleep and behavioral problems. Appropriate effect
size was evaluated in accordance with the statistical method chosen for
the analysis (e.g., Cohen’s d for independent sample ¢-tests).

Results

In our study, we recruited a sample of 163 children and used a
cut-off point from the CHSQ to divide them into two groups: those
who were considered to be good sleepers -GS- (CHSQ total score < 48),
referred to as children without a clinical total score on the CHSQ, and
those who were considered to be poor sleepers -PS- (CHSQ total
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score >48), referred to as children with a clinical total score on the
CHSQ. After applying this cut-off, it was found that 54% of the sample,
or 89 children, were classified as GS, and 46% of the sample, or 74
children, were classified as PS. The mean CSHQ subscale scores for
the whole sample were compared with the standard values for a
community group (12), showing that ASD children had clinically
higher scores on the following CSHQ subscales: bedtime resistance
(54%), sleep onset delay (23%), sleep duration (16%), sleep anxiety
(26%), night wakings (25%), parasomnias (11%), sleep disordered
breathing (6%), daytime sleepiness (1%).

Table 1 demonstrates that both groups were similar in terms of age
and PIQ (age: value of p=0.083: PIQ: value of p=0.40), and there were
no statistically significant differences in the male to female ratio
between the groups (value of p=0.85). Additionally, we found that
there were no statistically significant differences in autism symptoms
between the sleep groups as evaluated by the ADOS-2, which includes
the ADOS Total Score, Social Affect (SA), and Repetitive Restricted
Behaviors (RRB) (ADOS Total Score: value of p=0.51; SA: value of
p=0.91; RRB: value of p=0.62). Table 2 compares the CSHQ scores
among the two sleep groups. As expected, the group with poor sleep
had consistently higher scores in all areas assessed by the CSHQ (all
value of p<0.05), indicating an overall worsening of all aspects of sleep
investigated by the CSHQ.

Regarding the association between emotional-behavioral
problems and type of sleeper, Table 3 shows the distribution of the
CBCL scores on the summary scales (Total, Internalizing and
Externalizing problems), and on DOS scales among the two sleep
groups. Simple group comparison on the CBCL scales showed higher
T-scores on all domains for the PS when compared with GS (all value
of ps <0.05).

Considering the whole sample, a bivariate Pearson correlation also
revealed a statistically significant association between the occurrence
of sleep disorders (CSHQ Total Score) and the presence of psychiatric
comorbidities, i.e., higher sleep problems were associated with higher
T-Score on DOS scales (Table 4). These results are consistent also
controlling for age, gender and PIQ (all value of p<0.05).

Considering CBCL-DOS (Table 3), 64.9% (48/74) of the PS and
30% (27/89) of GS had a score over the borderline cut-off on one
or more of the DOS, excluding the PDP scale given their clinical
diagnosis of ASD. A logistic regression was performed to
investigate the effects of the presence of sleep problems (GS or PS
classification), age, gender and PIQ on the likelihood that children
had at least one psychiatric comorbidity in addition to ASD. The
logistic regression model was statistically significant, y2(4) =21.79,
p<0.0001. The model explained 16% (Nagelkerke R?) of the
variance in the presence of comorbidity and correctly classified
67% of cases. As shown in Table 5, analysis reveals that being a PS
increases the odds 4.3 times of having at least one psychiatric
comorbidity in association with ASD, with a 95% CI of 2.20 to 8.39.
No statistically significant association was found with the other
variables included in the model.

Finally, as shown in Table 6, we found differences between the
sleep groups on the RBS-R subscales. The PS group showed higher
scores on all subscale, except for the Self Injurious (value of p=0.25),
and on the Total Score when compared to the GS group (all value of
p<0.05).

In order to assess the relationship between sleep and restricted
and repetitive behaviors (RRBs) in the whole sample, we employed a
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TABLE 2 Differences in CSHQ scales between poor and good sleepers.

Good sleeper

(n=89) (n=74)

Poor sleeper

10.3389/fpsyt.2023.1181466

Value of p Effect size

Bedtime resistance M (SD) 9.33 (2.04) 12.75 (1.98) te1) =—10.60 p<0.0001 d=1.66
Sleep onset delay M (SD) 1.53 (0.67) 1.98 (0.86) taeny = —4.05 p=0.001 d=0.73
Sleep duration M (SD) 3.40 (0.90) 4.49 (1.57) taey =—5.84 £ <0.0001 d=0.89
Sleep anxiety M (SD) 533 (1.13) 7.80 (1.67) taey =—9.91 £ <0.0001 d=165
Night wakings M (SD) 4.13 (1.16) 5.21 (1.48) taey =—5.57 P <0.0001 d=0.73
Parasomnias M (SD) 7.69 (0.91) 9.36 (1.87) ooy =—7.43 p<0.0001 d=1.13
Sleep disorder breathing M (SD) 3.13 (0.65) 3.46 (0.92) ooy =—2.98 p=0.003 d=0.47
Daytime sleepiness M (SD) 7.84 (1.57) 10.54 (2.61) taey =—7.57 p<0.0001 d=1.17
Total score M(SD) 42.46 (3.25) 55.64 (6.16) e =—16.94 p<0.0001 d=2.59

Significant comparisons are highlighted in bold (p <0.05).

TABLE 3 Differences in DOS and Summary Scale of CBCL between poor and good sleepers.

Good sleeper Poor sleeper Value of p Effect size

(n=89) (n=74)
Internalizing problems
M (SD) ‘ 56.16 (10.11) ‘ 65.38 (8.82) ‘ taey =—5.07 ‘ P <0.0001 ‘ d=0.79
Externalizing problems
M (SD) ‘ 53.75 (9.49) ‘ 61.05 (10.05) ‘ taey =—3.89 ‘ P <0.0001 ‘ d=0.90
Total problems
M (SD) ‘ 55.13 (9.87) ‘ 65.42 (10.25) ‘ tuey =—5.26 ‘ P <0.0001 ‘ d=0.82
Affective problems
M (SD) 56.28 (7.68) 65.71 (9.20)
Number case 11 (12.4) 35 (47.3) toeny =—7.22 ‘ 2 <0.0001 ‘ d=1.12
Anxiety problems
M (SD) 53.66 (5.08) 61.44 (8.86) tae =—5.92 ‘ P <0.0001 ‘ d=091
Number case 4 (4.5) 23 (31.1)
PDP
M (SD) 66.68 (8.63) 73.71 (9.52) taey =—3.35 ‘ P =0.001 ‘ d=052
ADHD
M (SD) 57.69 (6.88) 61.96 (7.62) taen =347 ‘ p=0.001 ‘ d=0.46
Number case 24 (27) 34 (45.9)
Oppositional problems
M (SD) 54.37 (5.88) 58.44 (7.93) tae =—3.68 ‘ P =0.001 ‘ d=057
Number case 11 (12.5) 22(29.7)

Significant comparisons are highlighted in bold (p <0.05). N Case [Percent of Case (%) above borderline cut-off for CBCL DOS Scales].

simple bivariate Pearson correlation. We found a significant
correlation between sleep problems and all subscales of the RBS-R
(Table 7). This finding indicates that there is a strong association
between sleep problems and RRBs in the sample studied, with all value
of ps being less than 0.05. However, this association did not remain
statistically significant after controlling for the degree of anxiety-
related symptoms (Table 7), in line with previous research that showed
anxiety could be a potential confounding variable (48) in the
relationship between RRBs and sleep problems.
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Discussion

The current study specifically investigated the presence and
types of sleep problems in preschool children with ASD, as well as
their relationship with clinical symptoms. We used the CSHQ parent
questionnaire to assess the prevalence and severity of sleep problems
through a quantitative measure. The use of parent-filled
questionnaires such as the CSHQ has been shown to be a quick and
easy-to-use tool for the early identification of sleep problems in both
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TABLE 4 Pearson correlations among the CSHQ total score and the CBCL DOS Scales.

CSHQ-total Affective Anxiety PDP ADHD Oppositional

score problems problems problems
CSHQ-total score 0.594(0.000) 0.53(0.000) 0.308(0. 000) 0.345(0.000) 0.361(0.000)
Affective problems 0.606(0.000) 0.652(0.000) 0.572(0.000) 0.525(0.000) 0.578(0.000)
Anxiety problems 0.525(0.000) 0.662(0.000) 0.558(0.000) 0.509(0.000) 0.578(0.000)
PDP 0.295(0.000) 0.571(0.000) 0.550(0.000) 0.466(0.000) 0.547(0.000)
ADHD 0.357(0.000) 0.533(0.000) 0.518(0.000) 0.480(0.000) 0.628(0.000)
Oppositional problems 0.366(0.000) 0.576(0.000) 0.580(0.000) 0.545(0.000) 0.623(0.000)

Above the diagonal simple bivariate correlations, below the diagonal partial Pearson correlations, after controlling for age, gender and PIQ among the CSHQ total score and the CBCL DOS

Scales. Significant correlations are highlighted in bold (value of p <0.05).

TABLE 5 Logistic regression model of having one or more psychiatric
comorbidities.

TABLE 6 Differences in RBS-R scales between poor and good sleepers.

Good Poor t-test Value  Effect
Variables B SE  Wald p OR 95% ClI sleeper sleeper of p size
B V3 OR (n=89)  (h=74)

Comorbidity Stereotypic behavior

Gender —-0.08  0.41 0.45 0.83 091  [0.41,2.04] M 6.22(434) | 815(597)  fuy=-237  p=0.02 d=0.36

Age 002 | 001 | 236 0.12 102 | [0.99,1.05] (SD)

PIQ ~0.00 | 000 002 0.88 099 | [0.98,1.01] Self-injurious

Group 145 | 034 | 1827 | <0.0001 = 429 | [2.20,8.39] M 140(2.31) | 1.89(3.08)  toey=-115  p=0.25 -
Significant comparisons are highlighted in bold (p <0.05). (D)

Compulsive

ASD and TD children (12, 13, 16, 25). According to previous M 202(250) | 3.19(2.62) | fuey=-2.89  p=0.004  d=045
investigations (11, 23), the established cut-off of 41 on the CSHQ (SD)
could overestimate SD. Therefore, we decided to apply the more Ritualistic
conservative cut-off of 48 to split our sample into two sub-groups M 436(451) | 622(5.60)  fuy——234 | p=0.02 42036
based on the total score: good sleepers (GS) and poor sleepers (PS). (SD)
As previously mentioned, the prevalence of sleep disturbance in :
ASD is extremely high, estimated from 15% up to 75% depending Restricted
on the criteria used to identify sleep problems. However, only a few M 201(1.94) | 277(215)  tyey=-2.32  p=0.02 | d=036
studies have focused on the preschool age group, identifying an even (SD)
higher prevalence of SD in this population, ranging between 53 and Total score
81% (10, 1.1, 49). In our sample, a significant proportion (46%) of u 16.06 31 foy=—281 | p=0.005 J043
children with ASD were found to have sleep problems as early as (sD) (1221) (16.10)

preschool age, even when applying a more stringent cut-off in the
CSHQ. All CHSQ subscales were significantly higher in the PS group
compared to the GS group. Our study confirms the high prevalence
of sleep disturbance in the preschool population of children with
ASD, which is significantly higher than that in preschool children
with TD, as reported in previous studies (50-52). Focusing on this
age group is important in terms of early identification because sleep
problems tend to appear at a young age in ASD (53) and persist over
time (54). Detecting SD in the ASD population before 6 years of age
is fundamental for early intervention and to prevent behavioral
issues related to sleep problems.

Our data also confirm recently reported findings in the literature
indicating a strong association between SD and both internalizing
problems (including anxiety, withdrawal, depression) and
externalizing problems (including aggression, tantrums, and
inattention) in ASD (21, 55). Specifically, looking at the number of
psychiatric comorbidities, we found that more severe sleep problems
increase the risk (four times) of having at least one psychiatric

comorbidity in association with ASD, as measured through the
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Significant comparisons are highlighted in bold (p <0.05).

CBCL. Sleep disruption may exacerbate associated psychiatric
symptoms, or associated psychiatric comorbidities may worsen sleep
problems already present in individuals with ASD (22). In the current
study, the PS group had a higher score on CBCL across all domains
with clinical relevance in internalizing, externalizing, and total
problems in the syndromic scales. It is also noteworthy that unlike
when we examine the ADOS scores, where the analysis did not find a
difference in the severity of autism evaluated by clinicians between the
two groups, parents reported on CBCL-PDP more problems related
to the severity of autism in the PS group.

In particular, the correlational analysis we performed indicates
that the total score on the CSHQ is associated with higher scores on
anxiety problems, affective problems, pervasive developmental
problems, attention deficit/hyperactivity problems, and oppositional
deficiency problems on the DSM-Oriented subscales of CBCL, even
when corrected for IQ, gender, and age.
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TABLE 7 Correlations between RBS-R subscale and CSHQ-total score,
and partial correlations controlling for anxiety (DOS-CBCL anxiety
problems).

RBS-R Correlation Partial correlation
scores

r P r P
Stereotypic 0.26 0.001 0.09 0.21
behavior
Self-injurious 0.21 0.006 0.13 0.07
Compulsive 0.29 0.000 0.11 0.13
Ritualistic 0.29 0.000 0.07 0.35
Restricted 0.22 0.004 0.17 0.82
Total score 0.32 0.000 0.11 0.14

Significant correlations are highlighted in bold (value of p <0.05).

These findings are in line with previous literature on this topic. For
example, Sikora et al. reported in a sample of 1193 children with ASD
aged 4-10vyears that individuals with SD had significantly higher
scores on the internalizing and externalizing behavior problems scales
of the CBCL (23). Similar results were found by Park et al. in a study
comparing 166 ASD children with their 111 unaffected siblings,
demonstrating that children with ASD and sleep disturbances were
more likely to exhibit aggressive behaviors, internalizing and
externalizing behavior problems, and overall behavioral issues than
peers without sleep issues (56). Focusing on younger ages, Roussis and
colleagues recently reported that behavior problems and attention
deficit were significantly greater in a group of ASD preschoolers with
severe sleep problems than in peers with ASD but without sleep
disorders (57).

Overall, evidence suggests that children with ASD and sleep
difficulties have higher rates of Attention and Hyperactivity Disorder
and Defiant Oppositional Disorder compared to children without sleep
problems (7, 25, 57, 58). Generally, emotional or behavioral issues,
including hyperactivity, aggression, anxiety, or mood disorders, may
be the cause or consequence of sleep issues in children with ASD. An
interesting finding that emerges from our data is that the correlation
between SD and internalizing problems (specifically anxiety problems
and affective problems) appears to be even stronger than that with
externalizing disorders, in contrast to several studies in the literature
(23, 51, 58-60). This finding is significant and worthy of further
investigation. Future studies may attempt to characterize patients with
externalizing and internalizing problems in more detail, trying to
identify different subpopulations with specific clinical features.

Several studies suggest that anxiety and mood problems are also
linked to SD in individuals with ASD (22, 47, 58, 61). Previous studies
have found that children with higher levels of anxiety tend to exhibit
increased repetitive and restrictive behaviors (RRBs) (62, 63), and
have more difficulty sleeping (64). This suggests that anxiety may be a
potential confounding variable in the relationship between sleep and
RRBs in individuals with ASD (48). Although in our study, we found
that the PS group displayed an increase in RRBs compared to the GS
group, this difference disappears after controlling for the degree of
anxiety-related symptoms, in line with previous research that showed
anxiety could be a potential confounding variable (48). One possible
explanation for this finding could be that RRBs might constitute a way
to reduce perceived anxiety levels and to exert greater environmental
control in patients with ASD (62, 63). According to this view, a higher
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number of RRBs would be an indicator of a higher level of anxiety, and
higher levels of anxiety would correspond to greater difficulties
in sleeping.

Furthermore, in our study, no significant association emerged
between sleep disturbances and the extent of autistic symptoms
measured through ADOS Score and level of cognitive development.
Research has found a correlation between the severity of autistic
symptoms and the presence of sleep problems in children with ASD
(30, 65). It is not entirely clear what the relationship between sleep
problems and autistic symptoms is in children with ASD. Some
researchers have suggested that sleep problems may contribute to the
severity of autistic symptoms, while others have proposed that the
reverse may be true, with the severity of autistic symptoms
contributing to the presence of sleep problems. In our study, we found
no correlation between sleep problems and the severity of autistic
symptoms, in agreement with other studies (61, 66).

Overall, while some evidence suggests a correlation between SD
and the severity of autistic symptoms in children with ASD, more
research is necessary to fully comprehend the connection between
these two elements. Some studies have found that children with ASD
and intellectual disability are more likely to experience SD than
children with ASD alone (4, 5). However, we found no association
between SD and developmental quotient, supporting the results of
other studies (61, 65). These differences could be explained by the
heterogeneity of the ASD populations analyzed by the different
studies, particularly in terms of age groups and the tests used to assess
cognitive development.

Sleep problems could be an early, although non-specific,
symptom of ASD and are among parents’ first concerns (67),
suggesting the presence of higher vulnerability during the early
stages of life. Sleep disruption during developmental ages might
be directly associated with abnormal brain development and could
be an additional risk factor for cognitive and behavioral dysfunction
(7). In this context, a recent study reported that sleep issues in the
first year of life often occur before ASD diagnosis and are associated
with atypical patterns of brain development in the hippocampal
region (68). Several hypotheses have been formulated regarding the
etiopathogenetic mechanisms of sleep alteration in ASD. According
to some studies, the secretion of neurotransmitters, including
serotonin, GABA, and melatonin, which are essential for
establishing a regular sleep-wake cycle, may be altered (69, 70).
Other studies suggest the possible involvement of genes implicated
in the control of circadian rhythm (71, 72) or the presence of
general disrupted sleep architecture in ASD (50, 70). Assuming that
an intrinsic cause of disrupted sleep in ASD may be related to
variations in brain wave organization and maturational
development, further studies involving objective measurements of
sleep, such as sleep EEG, polysomnography, or actigraphy, may
be beneficial in investigating the underlying pathophysiological
mechanisms (73).

Major limitations to our study are the use of predominantly
subjective instruments such as parent-completed CSHQ, CBCL and
RBS-R questionnaires. Such instruments may obviously be affected
by parents’ personal perception of the issues. Future studies using
objective parameters such as polysomnography-EEG and actigraphs
will be needed. Another limitation is the possible presence of
medical conditions underlying sleep disorders such as the presence
of enlarged tonsils and / or adenoids causing obstructive sleep
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apnea: indeed, in the absence of specialized medical evaluations,
we cannot exclude a priori the presence of underlying organic
causes. Further medical investigations should be performed to rule
out the presence of any underlying diseases. Moreover, a
comparison of sleep problems and their impact on global
functioning and emotional-behavioral problems between ASD and
TD preschoolers, as well as between ASD and preschoolers with
other neurodevelopmental disorders could be addressed in
future studies.

To sum up, sleep problems are among the most frequently
represented comorbid symptoms in children with ASD as early as
preschool age. A wide number of literature reviews demonstrate that
sleep disruption is link to emotional and behavioral issues in ASD,
thus influencing children’s health, cognition, executive functions and
consequently school performance besides having an important impact
on the quality of life of families (3, 16, 21, 74, 75). Despite this, they
are often not properly identified and treated in clinical practice (8, 21),
as treatment guidelines to help parents manage challenging behaviors
in children with ASD frequently fail to include sleep at all or only
briefly address the topic. Identifying and providing correct treatment
for sleep problems in ASD is crucial not only to improve sleep, but also
for better daytime conducts and family functioning in this population.
Practice guidelines and recommendations for the treatment of
disrupted sleep behavior and insomnia in children and adolescents
with ASD updated to 2017 have been provided by the American
Academy of Neurology (76), but continuous upgrading of expert
consensus statements is needed to deal with this disabling symptom.
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Objective: To comprehensively evaluate the efficacy of non-invasive brain
stimulation (NIBS) in patients with autism spectrum disorder (ASD) in randomized
controlled trials (RCT), providing a reference for future research on the same topic.

Methods: Five databases were searched (Pubmed, Web of Science, Medline,
Embase, and Cochrane library) and tracked relevant references, Meta-analysis
was performed using RevMan 5.3 software.

Results: Twenty-two references (829 participants) were included. The results
of the meta-analysis showed that NIBS had positive effects on repetitive and
stereotypical behaviors, cognitive function, and executive function in autistic
patients. Most of the included studies had a moderate to high risk of bias, Mainly
because of the lack of blinding of subjects and assessors to treatment assignment,
as well as the lack of continuous observation of treatment effects.

Conclusion: Available evidence supports an improvement in some aspects of
NIBS in patients with ASD. However, due to the quality of the original studies and
significant publication bias, this evidence must be treated with caution. Further
large multicenter randomized double-blind controlled trials and appropriate
follow-up observations are needed to further evaluate the specific efficacy of
NIBS in patients with ASD.

autism, non-invasive neurostimulation, transcranial direct current stimulation,
transcranial magnetic stimulation, meta-analysis

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder that is typically
characterized by social communication and interaction impairments, restricted and repetitive
behavior or interests, often accompanied by a range of psychiatric problems such as attention
deficit hyperactivity disorder and sleep disorders. Clinically usually presents with cognitive,
behavioral, emotional, and expressive language impairments (1-3). In recent years, the incidence
of the disease is increasing, the global prevalence rate is about 7.6%o (4). According to 2020,
Recent data from the Centers for Disease Control and Prevention show that The overall ASD
prevalence aged 8 years rises to 1 in 44, which is already more than the sum of the world’s three
major diseases (AIDS, cancer, diabetes) (5). ASD starts in early childhood and the relevant
symptoms can last for a lifetime, causing a heavy emotional, financial, and medical burden on
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patients, their families, and society, which has become a serious public
health issue (6-8). At present, the origin of ASD is not clear, and it is
usually caused by multiple factors alone or together, among which
genetic and environmental factors play an important role in its
occurrence and development (9).

Regarding the pathology of ASD, structural and connectivity
differences have been identified in the brains of ASD patients. Scholars
in imaging have proposed many theories of abnormal brain
connectivity in ASD patients to try to explain the pathological
mechanisms of the brains of ASD and their abnormal social behaviors.
There are three examples, Cohen et al. proposed the amygdala theory
of autism, the evidence of this theory shows that there is a significant
correlation between the amygdala and social behavior. Abnormalities
of the amygdala (including damage, volume abnormalities,
microscopic lesions, etc.) can lead to socio-intellectual deficits, and
social dysfunction of ASD is closely related to it (10). Rubenstein et al.
proposed the hypothesis of abnormal brain activation or inhibition of
ASD, This hypothesis believes that the key nervous system excitation/
inhibition ratio increases under genetic factors or environmental
factors, resulting in cortical “noise” is the key to the occurrence of
autism, thus providing a new way to treat ASD by inhibiting neural
excitability (11). In recent years, Just et al. proposed the hypothesis, of
disconnection of the cerebral cortex in ASD, that is the functional
connections of various cerebral regions in the cortex were weakened,
which revealed that the brain information coordination and
integration ability of ASD was weakened (12). In particular, high cell
counts in the prefrontal cortex, enlarged amygdala volume, and
reduced functional connectivity between the anterior cingulate cortex
(ACC) and the dorsolateral prefrontal cortex (DLPFC) are considered
to be specific neurostructural features in children with ASD (13).

In order to change and improve the developmental trajectory
of ASD, numerous scholars have conducted extensive research and
discussion on various aspects of autism rehabilitation treatment.
Most of these studies are based on behavioral interventions
accompanied by related medications, but the results are often
unsatisfactory (14). Therefore, it is necessary to explore a new
therapeutic approach to complement the behavioral intervention-
based treatment model in order to improve the intervention effect.
NIBS is a kind of emerging therapy, and that is increasingly being
used in adult and pediatric neurological rehabilitation (15). NIBS
interventions refer to non-invasive and painless transcranial
stimulation neuromodulation techniques, including transcranial
magnetic stimulation (TMS) and transcranial direct current
stimulation (TDCS) (16). TMS works by converting coil currents
into intermittent, localized pulsed magnetic fields that act on the
cerebral cortex, causing local depolarization and firing of neurons.
TMS mainly includes single-pulse TMS (sTMS), paired TMS
(pTMS), and repetitive TMS (rTMS). Theta-Burst Stimulation
(TBS) also known as theta-burst transcranial magnetic stimulation,
a variation of TMS, consists of a 50-Hz triplet pulse burst with a
200-ms interburst interval typically at 80% of the Active Motor
Threshold (AMT) (17). iTBS, a type of TBS (18), is similar to the
Long-term Potentiation (LTP) of rTMS, which achieves excitability
by high-frequency stimulation (> 1Hz), and could induce
excitability in the primary motor cortex (19). Among them, the use
of rTMS in the treatment of pediatric and adolescent diseases is
more applied, which refers to the repeated stimulation of specific
areas of the scalp with the same pattern and time intervals to

Frontiers in Psychiatry

78

10.3389/fpsyt.2023.1147327

achieve the treatment effect (20-22). rTMS includes high-
frequency stimulation (>5Hz) and low-frequency stimulation<
(1Hz), rTMS
enhancement, increases

high-frequency
which
low-frequency rTMS produces long-duration inhibition, which

produces  long-duration

cortical excitability, and
decreases cortical excitability (23). In recent years, rTMS has been
tried as an adjunctive therapy for ASD and can improve some of
the core symptoms of ASD (24).

tDCS can cause hyperpolarization of resting membrane potential
and regulate the activity of neural networks by using direct electrical
currents to stimulate a targeted cortical area, to achieve the therapeutic
purpose (25). Compared with TMS, tDCS does not directly induce
brain activity but changes the excitability of spontaneous brain activity
by subliminal regulation of neuronal membrane potential (26). In
general, the anode of tDCS increases neuronal excitability and the
cathode decreases it. Continuous regulation of neural flexibility
induced by tDCS may be the basis for its treatment of psychiatric
disorders (27). At present, there are many studies and applications of
tDCS on speech impairment, social impairment, stereotyped behavior,
and emotional changes in ASD patients of different ages (28, 29).
tDCS provides appropriate stimulation to the patient based on the
accurate positioning given by the pathological analysis of ASDs to
achieve relief of symptoms.

Clinical studies have shown that the NIBS techniques for the
treatment of patients with ASD were effective. Luckhardt et al. (30)
systematically searched for the database before 2020, and six eligible
randomized, sham-controlled clinical trials of tDCS in patients of
ASD were included. The analysis indicated that tDCS improved
significantly ASD patients’ cognitive and social-communication skills.
Recently, 10 studies were rated as low risk of bias in a systematic
review by Zhang et al. (31). Four investigated the efficacy of tDCS on
ASD while six focused on TMS, the results showed that tDCS
significantly improved empathy quotient (EQ) and facial emotion
recognition and processing (FERP) scores for emotions that conveyed
a threat, and social and health/behavioral domains of autism treatment
evaluation checklist (ATEC) also improved significantly. Active deep
r'TMS significantly reduced social relating impairments as measured
by the Ritvo Autism Asperger Diagnostic Scale (RAADS) and
decreased self-oriented anxiety in difficult social environments as
measured by the interpersonal reactivity index (IRI), as compared to
sham stimulation. However, the problems at this stage are that the
sample size of clinical research is small and the types of trials are
different, and the quality of literature is uneven, resulting in the
inconsistent interpretation of research results. Therefore, it’s necessary
to comprehensively and systematically evaluate the curative effect of
the NIBS method on ASD patients. We conduct a rigorous systematic
review and meta-analysis of related clinical randomized controlled
trials (RCT). Looking for Evidence-Based Medicine Evidence of
Objective Science, to provide decision-making and basis for the
clinical rehabilitation treatment of NIBS method.

2. Methods

This systematic review and meta-analysis strictly followed the
protocol developed by Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines (32) and is
registered with PROSPERO (reference number: CRD42022366000).
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2.1. Inclusion and exclusion criteria

Inclusion Criteria: ® Subjects: Clinically diagnosed autistic
patients, regardless of race or gender; @ Intervention method: The
intervention group was treated with TMS or tDCS; ® Control group:
sham stimulation, conventional treatment or blank control; @ Study
type: Randomized controlled trial. Include placebo (sham) control,
baseline control, or candidate control; ® Published in English.

Exclusion Criteria: @ Self before and after-control studies, cohort
and case—control studies, cross-sectional studies, and other non-RCT;
@ Literatures with no comparable baseline or no baseline reported; ®
Literature with imprecise design or inappropriate statistical methods;
@ Literatures with incomplete data, whose original data and the full
text cannot be obtained after contacting the author; ® Literatures with
no corresponding outcome indicators; ® Literatures with unclear
diagnostic criteria, intervention time, and intervention programs; @
Duplicate publications; ® Conference abstracts, animal experiments,
experimental protocols, expert experience summaries, case reports,
meta-analysis, and review literature, etc.

2.2. Search strategy

Combination of computer and manual retrieval, from the
establishment of the database to October 2022, the database includes
PubMed, Web of Science, Medline, Embase, and Cochrane Library.
Collect all RCTs of NIBS improving ASD, and supplement the
literature by reading relevant reviews and references, etc. According
to the way the combination of medical subject terms and free words,
the retrieval time is from the establishment of the database to October
2022. Taking PubMed as an example, the retrieval strategy:#1: “autism
spectrum disorder” [MeSH] OR autism spectrum disorders OR
autism OR autistic spectrum disorder OR autistic spectrum
disorders ; #2: “transcranial direct current stimulation” [Mesh] OR
“transcranial magnetic stimulation” [Mesh] OR repetitive transcranial
magnetic stimulation OR noninvasive brain stimulation OR
non-invasive brain stimulation OR transcranial electrical stimulation
OR rTMS OR tDCS OR TMS OR NIBS ; #3: “randomized controlled
trial” [MeSH] OR random OR random allocation OR RCT ; #4:#1
and #2 and #3.

2.3. Study selection and data extraction

The literature was collected, read, screened, and extracted
according to the principle of independent extraction by two persons,
Extract contents include @ Basic characteristics of the included
literature: author, year, sample size, intervention measures, time,
stimulus parameters, and outcome indicators, etc.; @ Key points
related to biased risk assessment of literature; ® The specific data of
the outcome indicators.

2.4. Outcomes
Rehabilitation outcome indicators for patients with autism are

mainly assessed by using graded scales or clinically set scales, Using
continuous variables (mean and standard deviation) as the basis for
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symptom classification, including the following 4 parts: © Autism
Behavioral Checklist (ABC): The ABC is a behavior questionnaire
which is completed by child’s parents or caregivers. The questionnaire
marks five aspects of the child on a 4-point scale (including sensory,
relating, body concept and object use, language, social, and self-care),
ranging from 0 (no problem) to 3 (severe problem). The higher the
score, the more serious the problem. The cutoff score was 49, and a
score above 49 points indicated a high probability of ASD (33, 34). @
Autism Treatment Evaluation Checklist (ATEC): The ATEC is a self-
administered questionnaire completed by the patient’s parents,
teachers, or caregivers and consists of 77 items divided into 4 subtests.
The first assesses speech or language communication with comprises
14 items. The second assesses sociability with 20 items. The third
assesses sensory or cognitive awareness with 18 items. The fourth
assesses the health/physical/behavior with 25 items. Score range,
0-179. A higher score indicates more serious symptoms of ASD (35).
® Childhood Autism Rating Scale (CARS): The CARS is a tool that
incorporates information from the caregivers report and direct
observation from Clinicians, completed by clinicians, A score of >30
points indicates a possible diagnosis of ASD (36). @ Repetitive
Behavior Scale-Revised (RBS-R): The RBS-R was intended for use in
evaluating repetitive behaviors observed in ASD primarily. It is a
comprehensive 44-item parent/caregiver report questionnaire. The
scale measures stereotyped behavior, self-injurious behavior,
compulsive behavior, routine behavior, sameness behavior, and
restricted behavior. Each item score range 0-4.The higher the score,
the more frequently the behavior occurs (37).

2.5. Assessment of the risk of bias in the
included studies

Two researchers assessed the bias risk of the included RCT
according to the RCT bias risk assessment tool recommended by the
Cochrane system and cross-checked the results (38). The content of
the evaluation includes the following six aspects: ® Random allocation
method; @ schemes of Allocation concealment; @ Blinding of
participants, personnel, and outcome assessment; @ Completeness of
outcome data; ® Selective reporting; ® Other bias. The risk of
inclusion in the literature is divided into three levels: low bias risk, bias
ambiguity risk, and high bias risk. If there are differences, resolve them
through discussion. If no agreement can be reached, consult the third
author. In addition, funnel charts of major outcome indicators were
evaluated to assess publication bias.

2.6. Statistical analyses

RevMan 5.3 software (computer program, version 5.3,
Copenhagen: The Nordic Cochrane Centre, The Cochrane
Collaboration, 2014) was used for statistical analysis. Since the
included studies are different in terms of intervention measures,
measurement methods, and outcome assessment, SMD and its 95%
CI were selected for the heterogeneity test for the combined effect
value. If p>0.1, I* <50%, it can be considered that the included
studies are homogeneous, and the fixed effect model should be used
for meta-analysis; If p>0.1, I* <50%, it can be considered that the
included studies are homogeneous, and the fixed effect model should
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be used for meta-analysis; If the data with research results cannot
be meta-analyzed, only descriptive analysis will be performed.
Because the results of the random effect model are more conservative,
to ensure that the data results are more credible, this study adopts the
effect all 95%
confidence intervals.

random model, and analyses calculate

3. Results
3.1. Literature search results

Figure 1 shows the flow diagram for the selection of the included
studies. 1,226 related literature were obtained in the preliminary
examination. After removing duplicate publications by EndnoteX9,
there are 464 articles. After reading titles and abstracts, 382 articles
were removed. After reading the full text of the remaining 82 articles,
22 articles were finally included. A total of 25 RCTs were included in
22 articles.

10.3389/fpsyt.2023.1147327

3.2. Study characteristics

Tables 1-3 show the characteristics, technical parameters, and
results of the included studies. In this study, one of the 22 studies
included three RCTS (39), so in the end we selected 25 RCTs studies
using TMS or tDCS to treat ASD patients through standard and
rigorous screening procedures. Ten studies used tDCS (40-49) and 15
studies used TMS (19, 39, 50-59) as a treatment tool. Among the
included articles, 19 controlled studies used a sham stimulation group
as a control group, and the remaining 5 (50-54) compared patients
with autism with patients in a waiting group. Among included studies,
a total of 829 ASD patients were treated with NIBS (305 patients
received tDCS intervention and 521 patients received TMS
intervention). Four studies (19, 55-57) recruited adults with ASD and
all focused on TMS intervention studies, the remaining studies mainly
recruited children and adolescents with ASD. Subjects spanned
virtually the entire autism spectrum, including high-functioning (101
patients), low-functioning (35 patients), and Asperger’s with and
without language and cognitive impairments (35 patients). There are

Search the database for
literature
(n=1226)

Search for literature
through other means

(n=0)

Removal of duplicate

v

literature (n=762)

Records screened (n=464)

Records excluded by titles

or abstracts (n=382)

Full-text articles assessed
for eligibility (n=82)

Full-text articles excluded

(n=60)
Not RCT (n=3)

Inappropriate intervention
(n=15)

v

No corresponding outcome
indicator (n=22)

Unclerar criteria (n=19)

Repeat publication (n=1)

Studies included in
quantitative synthesis
(meta-analysis)
(n=22)

FIGURE 1
Literature selection process.
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TABLE 1 Study and sample characteristics for included studies.

Experimental group

Control group

Author Country = Study design
Number Male Female Age (years) Number Male Female Age (years) Diagnosis
Qiu (2021) China RCT (sham controlled) 20 16 4 - 20 14 6 - ASD
Hadoush (2020) Jordan RCT (sham controlled) 25 19 6 7.6+22 25 22 3 8.0+28 ASD
Salehinejad (2021) Iran RCT (sham controlled) 7 - - 10.7 £ 1.9 7 - - 10.7 £ 1.9 ASD
Zemestani (2022) Iran RCT (sham controlled) 17 - - - 15 - - - ASD
Amatachaya (2014) Thailand RCT (sham controlled) 10 10 0 6.4+ 1.1 10 10 0 6.4+1.1 ASD
Amatachaya (2015) Thailand RCT (sham controlled) 10 10 0 6.4 +1.1 10 10 0 6.4+1.1 ASD
Sun (2022) China RCT (sham controlled) 19 15 4 8.0+19 18 15 3 8.0+19 ASD
Mahmoodifar (2020) Iran RCT (sham controlled) 9 - - 11.04 + 2.80 9 - - 9.31 +2.70 ASD
Han (2021) China RCT (sham controlled) 20 18 2 17.03 +£2.55 21 20 1 17.10 £ 2.30 ASD
Hadoush (2022) Iran RCT (sham controlled) 18 15 3 8.1+29 18 16 2 7.6+2.6 ASD
Joshua (2010) America RCT (waitlist controlled) 16 - - 13.9+53 9 - - 13.5+2.0 ASD
Panerai (2014) study I Ttaly RCT (sham controlled) 9 - - 13.56 + 1.83 - - - 13.56 + 1.83 Low-function ASD
Panerai (2014) study II Italy RCT (sham controlled) 12 - - 13.56 + 1.88 5 - - 13.24 +2.95 Low-function ASD
Panerai (2014) study I11 Ttaly RCT (sham controlled) 6 - - 16.13 +3.11 - - - 16.13 +3.11 Low-function ASD
Panerai (2014) study IV Ttaly RCT (training controlled) 8 - - 13.27 +4.03 5 - - 14.17 +4.24 Low-function ASD
Ni (2021) China RCT (sham controlled) 40 35 5 13.0+2.8 35 30 5 125+29 ASD
Kang (2021) China RCT (sham controlled) 16 13 3 7.8+2.1 16 13 3 72+1.6 ASD
Ni (2017) China RCT (sham controlled) 19 - - 208+ 1.4 19 - - 20.8+ 1.4 ASD
Iska (2021) Canada RCT (sham controlled) 16 13 3 23.1 +4.66 12 8 4 23.4+493 ASD
High-function ASD,
Peter (2014) Israel RCT (sham controlled) 15 13 2 33.87 +13.07 13 10 3 30.54 +9.83
Asperger
Stephanie (2020) Canada RCT (sham controlled) 20 14 6 2350+4.2 20 14 6 21.65+4.6 ASD
Sokhadze (2009) America RCT (waitlist controlled) 8 8 0 18.3+4.8 5 5 0 16.2+5.7 ASD
Casanova (2012) America RCT (waitlist controlled) 25 - - 12.9 +3.1 20 - - 13.1+22 ASD
Sokhadze (2012) America RCT (waitlist controlled) 20 16 4 13.5+25 20 16 4 14.1+24 ASD, Asperger
Sokhadze (2018) America RCT (waitlist controlled) 86 71 15 13.1+1.78 26 22 4 13.3+1.78 High-function ASD
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TABLE 2 Stimulation parameters for included studies.

Interventions

C

Polarity

tDCS procedure

Anodal location

Cathodal
location

Intensity
(mA)

Target location

TMS procedure

Frequency (Hz)

MT
(%)

Pulses

Treatment duration

Qiu (2021) tDCS Sham Anodal Left DLPFC Right shoulder 1 15% 20 min (five times a week)
Left and right Left and right
Hadoush (2020) tDCS Sham Bilateral anodal frontocentral (FC1- supraorbital (Fpl1- 1 10x 20 min (five times a week)
FC2) Fp2)
1.Right tem-
Salehinejad (2021) tDCS Sham Anodal poroparietal junction Left shoulder 1 20 min (3 single sessions)
(CP6) 2.vmPFC (Fpz)
Zemestani (2022) tDCS Sham Anodal Left DLPFC right DLPFC 1.5 10x 15min (two times a week)
Amatachaya (2014) tDCS Sham Anodal Left DLPFC Right shoulder 1 10x 20 min (last 8 weeks)
Amatachaya (2015) tDCS Sham Anodal Left DLPFC Right shoulder 1 20 min (last 3 weeks)
tDCS + I . . . .
Sun (2022) L Sham + rehabilitation | Anodal Left DLPFC Right supraorbital 1.5 12 x 20 min (three times a week)
rehabilitation
Mahmoodifar (2020) tDCS Sham Anodal Left motor cortex (M1) | Right supraorbital 1.5 10 x 20 min
tDCS + iti Sham + iti
Han (2021) . cognitive am cognitive Anodal Left DLPFC Right supraorbital 1 10 x 20 min (last 2 weeks)
training training
Left and right cerebell: left and right -
Hadoush (2022) DCS Sham Bilateral anodal | rient cerebefiar | felt and right supra 1 10 20 min (five times a week)
hemispheres orbital area
Joshua (2010) rTMS Waitlist Left and right DLPFC 1 90 150 (15% 10) per week (last 12 weeks)
LFrTMS: 900; HFrTMS: 30
X Left and right premotor cortex,2.5cm ) o K
Panerai (2014) study I | rTMS Sham . LFrTMS: 1; HFrTMS: 8 90 trains of 30 stimuli each trial Every 2 weeks
rostral to primary motor cortex .
lasting 3.6
LFrTMS: 900; HFrTMS: 30
. Left premotor cortex, 2.5 cm rostral ) o . Every weekday (10 days), over
Panerai (2014) study II | rTMS Sham ) LFrTMS: 1; HErTMS: 8 90 trains of 30 stimuli each trial
to primary motor cortex . 2weeks
lasting 3.6 s
. LFrTMS: 900; HFrTMS: 30
Panerai (2014) study Left premotor cortex, 2.5cm rostral . - X .
rTMS Sham ) LErTMS: 1; HFr'TMS: 8 90 trains of 30 stimuli each trial Daily (last 5 days)
1 to primary motor cortex .
lasting 3.6 s
LFrTMS: 900; HFrTMS: 30
Panerai (2014) study Eye-hand integration Left premotor cortex, 2.5cm rostral r ) r X Every weekday (10 days), over
rTMS L 3 8 90 trains of 30 stimuli each trial
1A% training to primary motor cortex . 2weeks
lasting 3.6 s
Ni (2021) iTBS Sham Bilateral pSTS 50 80 38,400 twice a week (last 4 weeks)
Kang (2021) rTMS Sham Left, right and bilateral DLPFC 1 90 180 (18 x 10) twice a week (last 9 weeks)
Left and right DLPFC. eri Two courses of 600 on each
nd ri; 5 rior
Ni (2017) iTBS Sham ¢ a» s posterio 50 80 hemisphere, left first, 5min 1 week interval between sessions
superior temporal sulcus
apart
i five times a week (last four
Iska (2021) rTMS Sham Bilateral DLPFC 20 90 1,500
‘weeks)
Bilateral DMPFC, coil centered and
Peter (2014) rTMS Sham 7 cm anterior to M1, 3-4cm from 5 100 | 1,500 Every weekday (10 days)
nasion
Stephanie (2020) rTMS Sham Left and right DLPFC 20 90 1,500 20-session (last 4 weeks)
Sokhadze (2009) rTMS Waitlist Left DLPFC, 5cm anterior to 0.5 90 150 (15%10) twice a week (last 3 weeks)
maximal FDI response
Casanova (2012) rTMS Waitlist Left and right DLPFC 1 90 150 (15% 10) once a week (last 12 weeks)
Sokhadze (2012) rTMS Waitlist Left and right DLPFC 1 90 150 (15 10) once a week (last 12 weeks)
Sokhadze (2018) rTMS Waitlist Left and right DLPFC 1 90 180 (9% 20) once a week (last 18 weeks)

E, experimental group; C, control group; MT, Motor threshold; tDCS, transcranial direct current stimulation; HFrTMS, High-frequency repetitive transcranial magnetic stimulation; iTBS, Intermittent Theta-burst stimulation; LFrTMS, Low-frequency repetitive
transcranial magnetic stimulation; rTMS, Repetitive transcranial magnetic stimulation; RCT, randomized controlled trial; DLPFC, dorsolateral prefrontal cortex; DMPFC, dorsomedial prefrontal cortex; FDI, First Dorsal Interosseous; vmPFC/Fpz, ventromedial

prefrontal cortex; Fp1, left supraorbital area; Fp2, right supraorbital area; M1, left primary motor cortex; CP6/rTPJ, right temporoparietal junction; FC1/FC2, left and right frontocentral regions; pSTS, posterior superior temporal sulcus.
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large differences between the various treatment options. In tDCS
treatment studies, the common stimulation area is the DLPFC. In
most cases, the left hemisphere is preferred for anodal or cathodal
stimulation. The anodal is the most commonly selected stimulation
method in the study, and the intensity is often selected for 1 to
1.5mA. The treatment lasted 20 min and the frequency of treatment
varied from once a day to twice a week. Of these, 8 studies (40-42,
45-49) looked at behavioral improvements in patients with autism as
the primary outcome indicator, The Autism Treatment Evaluation
Checklist (ATEC) and the Aberrant Behavior Checklist (ABC) are the
most commonly used tools for post-treatment evaluation. In addition,
4 studies (40-43) used more objective neurobiological markers as the
outcome of the measurement, focusing on patients’ neuropsychological
function, brain connectivity, and spontaneous, rhythmic electrical
activity of brain cell groups. At present, we can see that patients
showed significant improvement after active tDCS stimulation. Of all
the included studies, only one study (44) reported mild side effects,
which disappeared soon after discontinuation of treatment.

In the rTMS study, 2 studies (55, 58) used iTBS for clinical
intervention. The remaining 13 studies used rTMS traditionally. Most
studies have applied unilateral or bilateral stimulation to DLPFC using
low-frequency stimulation (0.5-1Hz). An article (44) delivered
multisegmental stimulation to the bilateral premotor cortex (PrMC)
at a stimulation frequency of 1-8 Hz. 1 study (47) implemented rTMS
targeting the dorsal medial prefrontal cortex at a stimulation
frequency of 5Hz. It is worth noting that Ni et al. (58) chose the
posterior superior temporal sulcus (posts) (60), one of the three target
stimulation areas currently recognized by the academic community
as promising to improve the core symptoms of ASD, as the target for
treatment with 50Hz iTBS. The results showed that cognitive
improvement was not significant in a patient with autism, which may
be related to individual signs and the length of treatment.

Treatment schedules also varied widely, with most of the included
studies receiving daily or twice-weekly treatments for a minimum of
5days and a maximum of 12weeks. Only two studies used
neuronavigation to guide stimulation of the intended cortical region,
other common alternatives are EEG positioning or recommended by
the developers of the coil. The most common side effects were mild
headache and skin irritation, but the symptoms were mild.

3.3. Risk of bias of included studies

Table 3 and Figures 2, 3 shows a summary of the quality
assessment of the selected studies. Details of bias risk in all included
studies are shown in Figures 2, 3. The included studies were evaluated
using the Cochrane Bias Risk Assessment Scale. All 18 studies
reported subjects at baseline and were comparable; The literature
refers to “randomization” or “randomized controlled trials,” 14
described specific random methods, such as random number table
and computer random, and 6 carried out Allocation concealment.
Thirteen mentioned signing informed consent. In allocation
concealment, only 2 studies were high risk and 8 studies were low
risk. For the blind approach to outcome assessment, only 1 study had
a high risk and 11 had an undefined risk of bias. Due to the nature
of the NIBS intervention, all studies are not free from implementation
bias. Analysis of funnel plot using the ABC scale score as the
outcome indicator (Figure 4). It shows that the distribution of
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scattered points on both sides of the midline is basically symmetrical,
showing an inverted funnel shape, the possibility of bias in the
included literature is small, and the meta-analysis results are more
reliable. Because the number of included literature using ATEC,
CARS, and RBS-R as indicators is small, it is not suitable for
funnel plots.

3.4. Meta-analysis results

Of the 22 included articles, 11 had extractable data for a meta-
analysis of behavioral or cognitive outcomes in patients treated with
NIBS. In the process of data extraction, we found that the evaluation
indicators used in some literature are different, which makes it
impossible to combine the data for analysis. So we chose ABC, ATEC,
CARS, and RBS-R which are commonly used internationally, as
indicators for evaluating the behavior and cognitive abilities of autistic
patients for analysis.

34.1. ABC

A total of 5 studies (41, 45, 50, 51, 54) were included, and 4
literature (17, 34, 35, 38) reported the score of the hyperactivity
subscale, Meta-analysis results of the random effects model showed
that the score of the experimental group was lower than that of the
control group, there was a significant difference (SMD =—0.6, 95%CI
[-0.93, —0.28], p<0.01). The heterogeneity test showed no significant
heterogeneity among different studies (y*>=0.55, p=0.91, *=0% < 50).

Four articles (45, 50, 51, 54) reported irritability subscale scores
and meta-analysis of the random-effects model showed no significant
difference between the test group and the control group (SMD =—-0.61,
95%CI [—1.26, 0.04], p=0.06). The heterogeneity mainly comes from
the study of Qiu et al. (39), after removing outliers, 12 drops to 0.
We found that Qiu et al. (45) studied autistic children aged 2-6years,
whereas the other three studies studied autistic adolescents aged
13-18. Therefore, the discrepancy may be due to different study
subjects. Notably, although the difference between the test and control
groups was not significant, there was a trend in favor of
NIBS treatment.

Two literature (45, 54) reported the scores of the Social
Withdrawal subscale, and the meta-analysis results of the random
effect model showed that there was no significant difference between
the scores of the test group and the control group (SMD=-0.71,
95%CI [—1.40, 1.06], p=0.78). Two literature (41, 45) reported the
total score of ABC, the meta-analysis results of the random effect
model showed that there was no significant difference between the
scores of the test group and the control group (SMD =—0.32, 95%CI
[-0.98, 0.33], p=0.33). But, due to the small number of studies
included, the results should be interpreted with caution (Figure 5).

34.2. ATEC

A total of 3 studies (46, 47, 54) were included, and meta-analysis
was performed on the five dimensions of ATEC. The results showed
that test groups are significant improvements in the three dimensions
of ATEC: social (SMD =—0.62, 95% CI [—1.05, —0.20], p =0.004),
health and behavioral problems (SMD=-0.65, 95% CI [—1.08,
—0.23], p =0.003), and ATEC total score (SMD=-0.75, 95% CI
[-1.19, —0.32], p <0.001). The heterogeneity test showed no
significant heterogeneity among studies (Figure 6).
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TABLE 3 Outcome measures and results for included studies.

10.3389/fpsyt.2023.1147327

Cognitive Behavioral Biological Cognitive Behavioral Biological Follow Side
measures measures measures outcomes outcomes outcomes up effects
Real tDCS significantly
Key symptoms
reduced CARS and sleep
(CARS, ABC,
Qiu (2021) habit scores, while sham None
RBS-R), sleep
tDCS significantly reduced
condition (CSHQ)
ABC scores
Significant potential
therapeutic effects on
Hadoush children with ASD in terms
Symptoms (ATEC) None
(2020) of improvements in
sociability, behavior, health,
and physical conditions
Compared with
rTPJ tDCS and
sham stimulation,
Salehinejad ‘Theory of mind test Mild adverse
anodal vmPFC
(2021) (TOM) effects
tDCS significantly
improved ToM in
children with ASD
A significant improvement
Gilliam Autism c
of autism s tom severity,
Rating Scale-second ymp ¥
theory of mind, and
Zemestani Theory of Mind edition (GARS-
emotion regulation None
(2022) (ToM) 2),Emotion
strategies was observed for
Regulation
the active as compared to
Checklist (ERC)
the sham stimulation group
Anodal F3 tDCS Improved
social functioning,
Amatachaya CARS, ATEC,
CGI-I behavior, sensory or None
(2014) CGAS
cognition, ATEC scores
compared to sham tDCS
Improvement in social
PAF significantly
Amatachaya behavior and behavioral
ATEC EEG record increased at the None
(2015) ATEC scores after receiving
stimulation site
the tDCS intervention
Behavioral abilities
improved significantly in MMN amplitude was
both groups after receiving | elevated between both
Sun (2022) ABC Electroencephalography the intervention. The active | groups, but there was None
tDCS group was no significant
significantly better than the | difference
control group.
sham tDCS combined with
motor training improved
Movement
balance. Active tDCS +
Mahmoodifar Assessment Battery
training showed a None
(2020) for Children-2
significantly higher
(MNBC-2)
improvement compared to
sham + training
Greater interindividual
improvement in overall
Measured prefrontal resting- variability among
Social functioning social functioning in the
Han (2021) state functional connectivity participants in rsFC None
(SRS-2) active and sham tDCS
(rsFC) raw change in the right
groups differed significantly
medial PFC
Record and calculate the
) Bilateral cerebellar
approximate entro
rp Py anodal tDCS
(ApxEnt) values of the
Hadoush modulated and
resting-state None
(2022) increased the brain
electroencephalograph
complexity in children
(EEG) data obtained from a
with ASD
64-channel EEG system
Significant decrease in
Increased gamma
irritability and repetitive Ttching
Reaction time and power to targets and
No significant behavior subscales of ABC, sensation at
Joshua (2010) | error rates in an ABC, RBS-R, SRS Gamma activity decreased gamma
differences and in repetitive behavior nose, mild
oddball- type task power to non-targets
subscale of RBS-R after headache
after treatment
treatment
(Continued)
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TABLE 3 (Continued)

Cognitive

measures

Behavioral
measures

Biological
measures

Cognitive
outcomes

Behavioral
outcomes

10.3389/fpsyt.2023.1147327

Biological
outcomes

Follow
up

Side
effects

HFrTMS: increase

Frontiers in Psychiatry

85

in eye-hand
Degree of integration after
completion of TMS to left
Panerai (2014)
hand-eye premotor cortex. None
study I
combination tasks LFrTMS and sham:
from PER-P no differences in
eye-hand
integration.
LFrTMS, HFrTMS,
and sham: highest
increase in mean
Degree of
performance with
completion of
Panerai (2014) HFrTMS, followed
hand-eye None
study IT by LFErTMS and
combination tasks
sham. Pre-post
from PER-P
comparisons
showed difference
only for HFrTMS
2,5 days follow
Significant increase up; HfrTMS
Degree of
in eye-hand showed no
completion of
Panerai (2014) integration after difference
hand-eye None
study 111 TMS, in from sham
combination tasks
comparison to TMS or from
from PER-P
sham baseline
assessment
1 month follow
up;
TMS + training
significantly
better than
Pairwise
either
comparisons
Degree of intervention
showed a statistical
completion of alone after
Panerai (2014) difference between
hand-eye 1 week; at None
study IV HFrTMS + Eye-
combination tasks 2 weeks
hand integration
from PER-P TMS + training
training and both .
superior to
treatments alone
training alone;
at 4 weeks no
differences
between
groups
Reading the Mind Slight
in the Eyes test no significant headache,
no significant group-by-
Ni (2021) (RMET), Frith— SRS, RBS-R group-by-time o . dizziness,
time interaction
Happe animations interaction tinnitus, and
task anxiety
Recurrence quantification
analysis (RQA) was
employed to quantify the
nonlinear features of
electroencephalogram (EEG)
signals recorded during the Significant differences
Significant improvements in
resting state. Three RQA in RR and DET were
ABC scores in social
Kang (2021) ABC measures, including observed between the None
relating behaviors for the
recursive rate (RR), experimental group
experimental group
deterministic (DET) and and the control group.
mean diagonal length (L)
were extracted from the EEG
signals to characterize the
deterministic features of
cortical activity.
(Continued)
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TABLE 3 (Continued)

Cognitive Behavioral Biological Cognitive Behavioral Biological Follow Side
measures measures measures outcomes outcomes outcomes up effects
Comparison to sham,
Significant significant reduction in
decrease in compulsive behaviors Transient
reaction time in subscale of Y-BOCS after muscle
Ni (2017) CCPT, WCST Y-BOCS, SRS the CCPT after PpSTS stimulation, and twitches
DLPFC improvement in social around the
stimulation communication subscale of eyes
compared to sham | SRS after DLPFC
stimulation
Active rTMS can
modulate Glx levels in
Examined glutamatergic individuals with ASD,
Iska (2021) (Glx) or y-aminobutyric acid and that the direction None
(GABA) metabolite levels of change is associated
with baseline GIx
levels.
light
Significant decrease in
No significant headedness
Reading the mind social relatedness subscale
differences in and facial
Peter (2014) in the eyes testand = RAADS, AQ, IRI of RAADS, and in personal
mentalizing discomfort
mentalizing test distress subscale of IRT
measures during
compared to sham
stimulation
Cambridge
No significant
Neuropsychological
difference between
Test Automated Mild and
Stephanie active vs. sham
Battery (CANTAB) transient
(2020) rTMS on executive
and BRIEF discomfort
functions
Metacognition
performance
Index (BRIEF-MCI)
Decrease in gamma
No significant
power, amplitude of
Reaction time and differences in Significant decrease in
Sokhadze ABC; RBS-R; SRS; the frontal P3a and
error rates in an Gamma activity; ERPs reaction time and | repetitive behavior of None
(2009) CGI latency of the centro-
oddball- type task error rates after RBS-R
parietal P3b to non-
treatment
targets after treatment
Increased amplitude of
Significant Significant decrease in
the frontal and parietal
Reaction time and decrease in total irritability subscale of ABC,
Casanova N200 and frontal P3a
error rates in an ABG; RBS-R; SRS ERPs error and omission | and in repetitive behavior None
(2012) and reduced latency of
oddball- type task error rates after subscale of RBS-R after
the frontal N200 to
treatment treatment
targets after treatment
Slowing of post-
error reaction time
in TMS group
Increased amplitude
Reaction time and compared to
Sokhadze and reduced latency of
error rates in an ERPs waiting list, and None
(2012) ERN component after
oddball- type task significant
treatment
decrease in
omission error rate
after treatment
Restored normative
post-error reaction
Decreased of T-score of the | time slowing in both
Lower percentage | RBS-Rafter 18 sessions of | early and later-stage
Sokhad Reaction time and of committed r'TMS, along with decreased | ERP indices, enhanced
oKhadze
(2018) error rates in an ABC, RBS-R ERPs errors, slower irritability, lethargy/social magnitude of error- None
oddball- type task latency of withdrawal and related negativity
commission errors | hyperactivity rating scores | (ERN), improved error
of the ABC questionnaire. monitoring and
post-error correction
functions

CARS, Childhood Autism Rating Scale; ABC, Aberrant Behavior Checklist; RBS-R, Repetitive Behavior Scale-Revised; CSHQ, Children’s Sleep Habits Questionnaire; ATEC, Autism Treatment
Evaluation Checklist; TOM, theory of mind test; GARS-2, Gilliam Autism Rating Scale-second edition; ERC, Emotion Regulation Checklist; CGAS, Children’s Global Assessment Scale; CGI-I,
Clinical Global Impression-Improvement; F3, left dorsolateral prefrontal cortex; EEG, Electroencephalography; PAF, peak alpha frequency; MMN, mismatch negativity; MNBC-2, Movement
Assessment Battery for Children-2; SRS-2, Social Responsiveness Scale-2nd; CCPT, Conner’s Continuous Performance Test; WCST, Wisconsin Card Sorting Test; Y-BOCS, Yale-Brown
Obsessive Compulsive Scale; RAADS, Ritvo Autism-Aspergers Diagnostic Scale; AQ, Autism Spectrum Quotient; IRI, Interpersonal Reactivity Index; ERP, event-related potential.
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FIGURE 2
Risk of bias of the included studies.

34.3. CARS

A total of 2 studies (45, 46) were included, y* =1.77, p =0.18,
I* =44%<50%. The results showed no significant heterogeneity.
Analysis using fixed effects model, the total combined effect shows:
Combined effect value SMD = —0.14 (95%CI = —0.65, 0.37), the overall
effect test Z =0.54, p =0.59, As seen in the forest plot, the combined
effect size (black diamond) intersects the invalid vertical lines,
showing no significant difference in CARS scores between the two
groups. In other words, the NIBS did not have a significant effect on
patients with ASD. But given the small number of studies included,
the results should be treated with caution (Figure 7).

34.4.RBS-R

A total of 4 studies (50, 51, 54, 58) were included, »* =5.05,
p =017, I =41%<50%. The results showed no significant
heterogeneity. Analysis using fixed effects model, the total combined
effect shows: SMD =—0.62 (95%CI=-0.91, —0.33), the overall effect
test Z=4.16, p <0.001. As seen in the forest plot. The combined effect
size (black diamond) was located on the left side of the vertical line,
indicating a significant difference in RBS-R scores between the two
groups, indicating that NIBS significantly improved repetitive
behavior in ASD patients (Figure 8).

4. Discussion

The purpose of this study was to comprehensively and
systematically evaluate the clinical efficacy of NIBS in patients with
ASD. To our knowledge, this is the first meta-analysis of NIBS
treatment in ASD populations. These studies point to NIBS as a
potential intervention to reduce autism-related symptoms and
improving neuropsychological function in people with autism. This
meta-analysis showed that NIBS improved behavioral and cognitive
abilities in people with autism compared to controls. This result is
consistent with the conclusion of the latest meta-analysis (61, 62).

Behavioral and cognitive abnormalities of ASD are often
characterized by severe social difficulties and stereotyped behaviors.
Neuropsychology suggests that this inappropriate behavior of ASD is

Frontiers in Psychiatry

related to executive dysfunction, which may lead to the weakened
ability of patients with ASD to regulate their own behaviors, unable to
restrain unconscious behaviors, and unable to learn new behaviors,
thus being subject to their own stereotyped behaviors. Qiu et al. (45)
explored the effect of tDCS on children with ASD under 7 years old,
by placing the anode on the left DLPFC and the cathode on the right
upper arm, giving tDCS for 1 mA, 20 min, 15 times in total. CARS,
ABC, and RBS-R were used to evaluate before and after treatment. The
results showed that the social interaction ability of children with ASD
was improved and well tolerated, That tDCS is a promising therapeutic
method. Amatachaya et al. (46) used anode of tDCS to intervene in
the left DLPFC of ASD patients, and found that the stereotyped
behavior improved. In addition, Han et al. (42) performed 10 times
tDCS interventions on 41 adult patients with ASD, which also showed
a good rehabilitation effect in terms of executive function. This
suggests that tDCS can indeed improve executive dysfunction in
patients of ASD, for reasons closely related to the DLPFC site. Because
in the process of participating in executive function, DLPFC combines
with striatum and other structures to form a loop structure, which is
involved in executive function, problem-solving, cognitive function,
etc. (62). In addition, the DLPFC is also the highest cortical area
involved in motor planning, organization, and regulation/inhibition,
and is closely related to other areas, such as the orbitofrontal cortex,
thalamus, parts of the basal ganglia (especially the dorsal caudate
nucleus) (63). This function and association also link the DLPFC to
behavioral abnormalities such as restrictive and repetitive behaviors,
hypersensitivity (overreaction), and blunted response to various
stimuli (under response). Therefore, DLPFC is also regarded as the
main target brain area for the treatment of ASD (45). Amir (64) and
Nelson et al. (65) confirmed that tDCS intervention in DLPFC could
improve working memory, attention, and vigilance, which indicated
that tDCS could produce neuroregulatory effects on DLPFC, thus
improving the cognitive function of patients with ASD. Other areas of
the brain, the ventromedial prefrontal cortex (vmPFC)associated is
also with ASD. Salehinejad et al. (44) stimulated the vmPFC region of
ASD patients by giving anode of tDCS,1 mA, and evaluated it by ToM
before and after treatment, the results showed that vmPFCtDCS can
effectively improve the patients’ social ability and social cognitive
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FIGURE 3

Risk of bias summary of the included studies.

function compared with the temporoparietal junction (TPJ)
stimulation and false stimulation.

According to existing studies, TMS and tDCS have different
mechanisms of action, but both have similar positive effects on
patients with ASD. Sokhadze et al. (54) treated 112 high-functioning
ASD whose IQ >80 with low-frequency (1.0 Hz) rTMS and evaluated
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them with ABC and RBS-R before and after treatment. The motor
accuracy and core symptoms such as stereotypical behavior and
narrow interest of the experimental group were improved. Especially
in the 18-week rTMS group, the patient’s cognitive abilities such as
attention, discrimination, and executive function improved. Ni et al.
(55) applied high-frequency iTBS (50 Hz) on bilateral DLPFC of
patients with ASD, the results showed that patients’ anxiety, social
disorder, stereotypical behavior, and cognitive function were
improved. Of the 15 included studies on rTMS treatment, 9 of them
(50-57, 59) selected the DLPFC as the target of stimulation, which
appears to be the most favored site for rTMS treatment. This may
be due to the fact that DLPFC mainly involves cognitive functions
such as short-term memory, decision-making, and execution (66, 67).
However, in children with ASD, due to the abnormal structure of the
“microcolumn,” the inhibition of the cortex is weakened, and the
excitability of the cortex is increased, which leads to the weakened
connection between the anterior cingulate cortex and the DLPFC,
and the brain’s processing ability to abnormal neural responses and
wrong behaviors is decreased, and the brain is unable to make the
real-time adjustment to the abnormal neural responses and wrong
behaviors. Over time, it can lead to a decline in the executive ability
of the child (68-70). By stimulating part of the brain and acting on
the neural network around the “micro column,” TMS temporarily
improves its inhibitory effect on the cortex, restores the connection
between the anterior cingulate cortex and the DLPFC, reestablishes
the monitoring-feedback system of the brain for abnormal behaviors
and reactions, and improves the problem behaviors of patients.
Moreover, TMS not only affects the brain regions stimulated directly,
but also related brain regions, and strengthens the functional
connections between these brain regions by virtue of the
interconnected characteristics of the brain neural network (71).
Currently, it is encouraging to see a diversity of therapeutic targets for
TMS. Panerai et al. (39) applied high-frequency rTMS (8 Hz) to the
left premotor cortex (PrMC) of patients with low-functioning
ASD. The results were revised using the psychoeducational profile-
revised (PEP-R) scale for children with ASD. The results showed that
hand-eye coordination training was significantly improved when
combined with high-frequency rTMS on the left PrMC. Peter et al.
(19) used high-frequency rTMS (5Hz) in the medial prefrontal cortex
(mPFC) of high-functioning ASD. After 10days of treatment, the
patient’s social ability and communication skills were improved.
Studies have shown that PrMC, especially left PrMC, is related to
motor attention, tool use, hand-eye coordination, and other
functions, mPFC is closely related to social and cognitive function
(72-75).

It is worth noting that although most current studies use scale
form to evaluate the therapeutic effect, the changes in scale data
sometimes cannot objectively show the specific impact of NIBS on the
brain function of patients with ASD. At present, it has become a novel
measurement trend to observe the intervention effect of NIBS by
biological methods such as
electroencephalography, event-related potential (ERP), and other

means. Electrophysiological
measurements can objectively reflect the neuroregulatory effect of
NIBS on patients with ASD, and more directly reflect the regulatory
effect of NIBS on brain connectivity.

The above studies indicated that the application of tDCS in ASD
intervention, patients with ASD who under 18years of age were
selected, and the majority were male. Choose more 1 mA or 1.5mA
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FIGURE 4

Funnel plot comparison of the ABC scores of the active and control groups. Asymmetries were not observed.

Experimental Control

1.1.1 Hyperactivity

Joshua 2010 108 7.1 16 148 73 9 6.7%
Qiu 2021 173 72 20 215 107 20 8.9%
Sokhadze 2009 6.3 6.8 8 101 8 5 4.4%
Sokhadze 2018 10.75 9.22 86 18.09 12.74 26 11.4%
Subtotal (95% CI) 130 60 31.4%
Heterogeneity: Tau? = 0.00; Chi? = 0.55, df =3 (P =0.91); I?= 0%

Test for overall effect: Z = 3.69 (P = 0.0002)

1.1.2 Irritability

Joshua 2010 43 42 16 103 567 9 6.1%
Qiu 2021 109 6.2 20 102 55 20  9.0%
Sokhadze 2009 8.7 7 8 112 54 5 45%
Sokhadze 2018 6.38 4.59 86 12.39 9.63 26 11.3%
Subtotal (95% Cl) 130 60 30.9%
Heterogeneity: Tau? = 0.29; Chi? = 9.61, df = 3 (P = 0.02); I = 69%

Test for overall effect: Z = 1.85 (P = 0.06)

1.1.3 Social withdrawal

Qiu 2021 17 97 20 13 65 20 89%
Sokhadze 2018 6.42 5.91 86 11.5 8.09 26 11.4%
Subtotal (95% CI) 106 46  20.3%

Heterogeneity: Tau? = 0.71; Chi? = 10.09, df = 1 (P = 0.001); I = 90%
Test for overall effect: Z=0.28 (P = 0.78)

1.1.4 Total score

Qiu 2021 53.5 24.9 20 535 273 20 9.0%
Sun 2022 59.32 173 19 71.39 17.91 18  8.5%
Subtotal (95% Cl) 39 38 17.5%

Heterogeneity: Tau? = 0.12; Chi? = 2.09, df =1 (P = 0.15); I = 52%
Test for overall effect: Z = 0.97 (P = 0.33)

Total (95% Cl) 405 204 100.0%
Heterogeneity: Tau? = 0.13; Chi? = 24.85, df = 11 (P = 0.010); I> = 56%
Test for overall effect: Z = 3.29 (P = 0.001)

Test for subaroun differences: Chi? = 0.96. df = 3 (P = 0.81). I?= 0%

FIGURE 5
Forest plot of the effect of NIBS on ABC improvement.
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Experimental Control

Study or Subgroup  Mean SD Total Mean SD Total Weight V. Fixed. 95% CI 1V, Fixed, 95% ClI
1.1.1 Language

Amatachaya 2014 10.5 5.39 10 1055 5.2 10  47% -0.01[-0.89, 0.87] R
Amatachaya 2015 10.75 5.15 10 1095 5.03 10  47% -0.04 [-0.91, 0.84] S
Hadoush 2020 19.18 7.41 25 19.81 4.82 25 11.6% -0.10 [-0.65, 0.46] -
Subtotal (95% CI) 45 45 21.0% -0.07 [-0.48, 0.35] >
Heterogeneity: Chi? = 0.03, df = 2 (P = 0.98); I = 0%

Test for overall effect: Z=0.31 (P = 0.76)

1.1.2 Social

Amatachaya 2014 1445 485 10 17.7 298 10 4.3% -0.77 [-1.69, 0.14] =
Amatachaya 2015 1455 4.98 10 178 3.1 10 4.3% -0.75 [-1.66, 0.16] — e I
Hadoush 2020 16.09 7.91 25 19.57 4.98 25 11.3% -0.52 [-1.08, 0.05] —
Subtotal (95% Cl) 45 45 19.8%  -0.62[-1.05,-0.20] >
Heterogeneity: Chi? = 0.31, df = 2 (P = 0.86); I = 0%

Test for overall effect: Z = 2.87 (P = 0.004)

1.1.3 Sensory and cognitive awareness

Amatachaya 2014 18.35 5.35 10 223 447 10 4.3% -0.77 [-1.68, 0.15] — =
Amatachaya 2015 211 489 10 219 444 10 4.6% -0.16 [-1.04, 0.71] |
Hadoush 2020 18.82 7.74 25 19.43 4.32 25 11.6% -0.10 [-0.65, 0.46] =
Subtotal (95% CI) 45 45 20.6%  -0.25[-0.67,0.17] -
Heterogeneity: Chi? = 1.56, df = 2 (P = 0.46); I = 0%

Test for overall effect: Z = 1.18 (P = 0.24)

1.1.4 Health and behavioral problem

Amatachaya 2014 14.7 6.21 10 19.1 6.47 10  4.4% -0.66 [-1.57, 0.24] —
Amatachaya 2015 15.3 6.45 10 195 6.32 10  4.4% -0.63 [-1.53, 0.27] -
Hadoush 2020 17.86 9.64 25 23.67 7.59 25 11.0% -0.66 [-1.23, -0.09] — R
Subtotal (95% CI) 45 45 19.8%  -0.65[-1.08,-0.23] >
Heterogeneity: Chi? = 0.00, df = 2 (P = 1.00); I? = 0%

Test for overall effect: Z = 3.01 (P = 0.003)

1.1.5 Total

Amatachaya 2014 58 585 10 6965 913 10 35% -1.46 [-2.47, -0.44] ——
Amatachaya 2015 61.7 6.7 10 70.15 8.83 10 4.0% -1.03 [-1.98, -0.09] S
Hadoush 2020 71.95 28.26 25 8248 18.14 25 11.4% -0.44 [-1.00, 0.12] = i
Subtotal (95% CI) 45 45 189%  -0.75[-1.19,-0.32] S
Heterogeneity: Chi? = 3.41,df =2 (P =0.18); I?=41%

Test for overall effect: Z = 3.38 (P = 0.0007)

Total (95% CI) 225 225 100.0% -0.46 [-0.65, -0.27] 4
Heterogeneity: Chi? = 12.87, df = 14 (P = 0.54); I = 0% ‘_4 2 -4 2 41

Test for overall effect: Z = 4.76 (P < 0.00001)
Test for subaroup differences: Chiz = 7.55. df =4 (P = 0.11). 2 =47.1%

FIGURE 6
Forest plot of the effect of NIBS on ATEC improvement.

Std. Mean Difference Std. Mean Difference

Favours [experimental] Favours [control]

Experimental Control Std. Mean Difference Std. Mean Difference
_ Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI IV, Fix 5% Cl
Amatachaya 2014 322 3.98 10 35 43 10 32.0% -0.65 [-1.55, 0.26]
Qiu 2021 33.8 3 20 335 8 20 68.0% 0.10[-0.52, 0.72]
Total (95% CI) 30 30 100.0% -0.14 [-0.65, 0.37]
Heterogeneity: Chiz = 1.77, df = 1 (P = 0.18); 12 = 44% 2 1 5 1 2

Test for overall effect: Z = 0.54 (P = 0.59)

FIGURE 7
Forest plot of the effect of NIBS on CARS improvement.

Favours [experimental] Favours [control]

anode stimulation to improve the core symptoms of ASD. However,
1.5mA cathodic stimulation was used to improve the irritability and
hyperactivity of patients with ASD, and 20 min was usually selected
for each treatment. Selecting different cortical areas of the brain can
also produce different therapeutic effects: applying to DLPFC can
improve social impairment, abnormal behavior performance, short-
term memory, etc. and applying to vmPFC can improve social

impairment and cognitive level.

Frontiers in Psychiatry

The patients selected for TMS were mostly male patients with
high-functioning ASD, and most of them were adults or adolescents,
which may be because TMS requires the cooperation of patients with
higher cognitive function to complete the treatment, while adolescent
or adult patients’ Neurodevelopmental function is relatively complete,
so it is suitable for TMS. As far as application parameters are
concerned, low frequency (1 Hz or 0.5Hz) is used more to improve
core symptoms of ASD. The treatment time is also closely related to
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI 1V, Fixed, 95% CI
Joshua 2010 185 128 16 308 154 9 11.6% -0.86 [-1.72, -0.01]
Ni 2021 243 176 40 29 239 35 41.2% -0.22 [-0.68, 0.23] Lo
Sokhadze 2009 15.3 7 8 232 65 5 57% -1.08 [-2.30, 0.15] i@
Sokhadze 2018 146 12.8 86 26.5 15.2 26 41.4% -0.88 [-1.34, -0.43]) &
Total (95% CI) 150 75 100.0% -0.62 [-0.91, -0.33] >

Heterogeneity: Chi? = 5.05, df = 3 (P = 0.17); I?=41%
Test for overall effect: Z = 4.16 (P < 0.0001)

FIGURE 8
Forest plot of the effect of NIBS on RBS-R improvement.
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the treatment effect. The treatment effect of 18 weeks is better than that
of 6weeks and 12weeks, and the lasting effect is longer. High-
frequency rTMS is mostly used to improve anxiety, promote social
skills and communication skills, and improve the effectiveness of
rehabilitation training, etc. Moreover, it is applied in different cortical
areas of the brain, and different effects are obtained: application in
DLPFC can improve stereotyped behavior, executive function,
irritability, etc.; application in PrMC can improve language function
and improve the effect of hand-eye coordination training; application
in mPFC can improve social interaction ability, emotional state, etc.

5. Limitations

There are certain limitations in this study. The current clinical
research on the treatment of ASD with NIBS is complex and diverse,
and there are many difficulties, which makes the existing medical
evidence difficult to meet the needs of reality in terms of quantity and
quality, resulting in a greatly reduced accuracy of evaluation results.
Meta-analysis is a retrospective observational study and cannot replace
systematic, comprehensive, and in-depth clinical trials. In addition,
high-strength medical evidence can improve the quality of meta-
analysis. However, the literature included in this research has been
published, and there is a lack of relevant gray literature, such as
unpublished literature, special academic conference reports, etc. Among
the 22 kinds of literature included, most of them were of low quality, and
most of the studies did not adopt the double-blind method, thus
reducing the strength of the conclusions of this study. Some of the
included studies used a waiting group rather than a sham stimulus as a
control, which may make the effect less objective. In addition, more
than 80% of the studies were conducted by self-report or caregiver-
report (mainly based on parent reports), therefore, results from
behavioral measures may be limited by informant- vs. self-reporting.
Close family members are often used as informants. However, many
family members of individuals with ASD carry the diagnosis or
demonstrate autistic traits without meeting the criteria of the disorder
and often underreport symptoms in others that they experience.
Additionally, due to interpersonal and social deficits observed in ASD,
self-appraisal of social/emotional symptoms can be uniquely challenging.

Meta-analysis chooses scale scores such as ABC, ATEC, CARS,
and RBS-R as evaluation indicators. Although they are simple and
practical, they are greatly affected by the subjective factors of the
evaluators, which may cause bias in the results and lead to unreliable
conclusions. For example, the meta-analysis found that after NIBS
treatment, there were no significant differences in CARS scores
between the two groups. However, this result should be considered
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with caution due to the limited number of studies included, the small
trial size, and inconsistent baseline patient characteristics. It is
recommended that further large sample RCTS be performed to
confirm the clinical efficacy of NIBS in patients with ASD, so as to
better guide clinical decision-making.

6. Conclusion

Current studies have shown that rTMS and tDCS act on the same
cerebral cortex region, producing highly overlapping therapeutic effects.
It can be found from various studies that DLPFC stimulation can affect
a wide range of areas and has certain effects on the core symptoms and
cognitive functions of patients with ASD. Therefore, DLPFC is currently
an important brain region where NIBS acts on patients with
ASD. Encouragingly, stimulating other areas of the brain has also shown
considerable therapeutic effects, but this needs to be seen in larger
clinical studies. Meanwhile, the duration, intensity, interval, and other
parameters of NIBS, as well as the accompanying treatment methods and
individual characteristics, still need to be further discussed and studied.
The dose, duration, and location of neuromodulation applied to different
ASD children are different, and the research on the individual aspects of
the treated children can become a new focus, especially in younger and
lower-functioning patients with autism. In addition, it is strongly
recommended that the medical history, current medication or
psychotherapy, and risk-benefit ratio should be carefully assessed. Given
that NIBS not only affects the stimulation site but also modulates other
brain regions, future studies should carefully monitor the behavioral and
physiological domains of patients in the long-term follow-up periods for
any potential NIBS-induced negative effects. Although so far there are
few reports on the side effects of NIBS, and the symptoms are relatively
mild and easy to eliminate since most ASD patients affected by NIBS are
children, long-term continuous observation and testing are needed in
terms of safety and tolerance. In addition, some children with ASD will
have epilepsy, attention deficit hyperactivity disorder, and other aspects
of medication. How to achieve collaborative treatment under the
condition of medication, or how to use NIBS treatment to relieve the side
effects of drugs, to achieve the best therapeutic effect, will also become a
new direction of research.

In summary, the existing results suggest that the therapeutic effect
of NIBS on patients with ASD is limited, relevant clinical evidence is
still insufficient and clear evidence of long-term efficacy is lacking. At
this stage, NIBS cannot be recommended as a viable or evidence-
based treatment for ASD. However, it is undeniable that the NIBS
method is a promising treatment technique. In future clinical studies,
it is necessary to conduct large-scale multi-center randomized
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double-blind controlled trials to establish safe and effective stimulation
parameters, select homogenous research objects, and specify
treatment plans for specific symptoms, in order to bring more
powerful clinical evidence for patients with ASD.
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Metabolic syndrome in adults with
autistic traits: associated
psychological, behavioral, and
biological factors in females and
males — a PharmLines initiative
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!Department of Child and Adolescent Psychiatry, LUMC Curium, Leiden University Medical Center,
Oegstgeest, Netherlands, 2Department of Immunology, Erasmus MC, University Medical Center
Rotterdam, Rotterdam, Netherlands, *Dutch Autism and ADHD Research Center, Department of
Psychology, University of Amsterdam, Amsterdam, Netherlands, *Dr. Leo Kannerhuis, Youz, Parnassia
Group, Amsterdam, Netherlands, *Department of Epidemiology, Mailman School of Public Health,
Columbia University, New York, NY, United States, °Groningen Research Institute of Pharmacy,
PharmacoTherapy, Epidemiology and Economics, University of Groningen, Groningen, Netherlands,
’Department of Psychiatry, University Medical Center Groningen, Groningen, Netherlands, Parnassia
Group, Youz, The Hague, Netherlands, °Department of Internal Medicine, Division of Endocrinology,
Erasmus MC, University Medical Center Rotterdam, Rotterdam, Netherlands, **Obesity Center CGG,
Erasmus MC, University Medical Center Rotterdam, Rotterdam, Netherlands, Sarr Autism Rotterdam,
Youz, Parnassia Group, Rotterdam, Netherlands

Background: While cardiovascular diseases is highly prevalent and an important
cause of mortality in autistic adults, knowledge on their increased cardiovascular
risk is limited. Hence, this study aimed to investigate psychological, behavioral,
and physical factors associated with metabolic syndrome (MetS) in adults with
autistic traits.

Methods: In total, 17,705 adults from the Lifelines Cohort were included and
categorized using Autism Spectrum Quotient-10 sum-scores. The quartiles with
highest (HQ-traits-group females: n=2,635; males: n=1803) and lowest levels
of autistic traits (LQ-traits-group, n=idem) were analyzed. Using multivariable
logistic regression, the associations between MetS and (self-reported and
interviewed) psychological, behavioral, and physically measured factors in these
stratified groups were investigated.

Results: Among females, MetS was more common in the HQ-traits-group than in the
LQ-traits-group (10.0% versus 7.5%, p<0.01), while this was not the case among males
(HQ-traits-group 13.8% versus LQ-traits-group 13.1%, p=0.52). In both the female
and male HQ-traits-group, the presence of MetS was associated with poorer self-
reported health, less daily physical activity, and altered leukocyte counts.

Conclusion: These findings underline the relevance of adequate cardiovascular
prevention in adults with higher levels of autistic traits. Future research could gain
more insight into the relationship between cardiovascular risk and autistic traits in
females, and into tailored cardiovascular prevention.
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Introduction

Autism spectrum disorder (ASD) is associated with an
approximate two-fold increased mortality risk (1-3). In particular,
cardiovascular diseases are amongst the most common causes of death
in adults with ASD (1-4). Several studies have reported an elevated
risk for cardiovascular diseases in adults with ASD compared to adults
without ASD, with odds ratios varying approximately from 1.3 to 2.5
(5-7). Thus, the need to reduce their cardiovascular risk is evident.
Furthermore, it is relevant to investigate cardiovascular risk in the
general population in order to take those adults with autistic traits,
specifically females, with a late or missed ASD-diagnosis into account,
by analyzing them on the presence of autistic traits, rather than only
on the presence of an ASD-diagnosis (8).

Metabolic syndrome (MetS) is a globally recognized set of major
cardiovascular risk factors, namely hypertension, central obesity,
increased fasting glucose, and dyslipidaemia (9). The prevalence of
hypertension is not higher in autistic adults than in non-autistic
adults, based on a recent meta-analysis (10). To our knowledge, the
prevalence of central obesity, defined by increased waist circumference,
has not been studied in autistic adults or in adults with autistic traits.
Regarding the prevalence of diabetes in autistic people, mixed
outcomes have been reported (5, 6, 11, 12). Previous studies including
autistic adults investigated different or undefined outcome measures
of dyslipidaemia, resulting in contradicting results (5, 7, 11, 12). Thus,
the total prevalence of MetS, defined as the presence of at least three
of five criteria (9), in adults with autistic traits remains unclear.

For future development of preventive cardiovascular
interventions, more insight into the psychological, behavioral, and
physical factors associated with cardiovascular risk (i.e., MetS) in
autistic adults is needed (7, 10). Therefore, the biopsychosocial factors
that will be assessed in this study include stress, anxiety, depression,
alcohol consumption, smoking, physical activity, and immunological
blood markers (13-18).

We hypothesize that an increased cardiovascular risk in adults
with autistic traits is associated with the degree of autistic traits and
related to biopsychosocial factors. Moreover, autistic males and
females have different cardiovascular risk profiles (7). Therefore, the
aim of this study is to investigate the prevalence of MetS and which
psychological, behavioral, and physical factors are associated with
MetS in female and male adults with autistic traits.

Methods
Study population

Our database consisted of data from two database: the Lifelines
database and the IADB.nl pharmacy database. We first included adults
from the general population in the Dutch Lifelines Cohort Study.
“Lifelines is a multi-disciplinary prospective population-based cohort
study examining in a unique three-generation design the health and
health-related behaviors of 167,729 persons living in the North of the
Netherlands. It employs a broad range of investigative procedures in
assessing the biomedical, sociodemographic, behavioral, biological
and psychological factors which contribute to the health and disease
of the general population, with a special focus on multi-morbidity and
complex genetics. The Lifelines protocol was approved by the UMCG
Medical ethical committee under number 2007/152” (19). We used
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the second assessment of the Lifelines Study, which took place
between 2014 and 2017.

Next, the Lifelines data from the 37,924 participants who
submitted an autism questionnaire (AUTQ) in 2019 were combined
with the medication data from the University of Groningen IADB.nl
pharmacy prescription database. “This is a growing database that
contains prescription data for more than 20years from 1996 to 2016
from approximately 90 community pharmacies and covers an
estimated population of 900,000 patients. Registration in the database
is irrespective of health care insurance and age, gender and
prescription rates among the database population have been found to
be representative of the Netherlands as a whole (20), and the database
has been widely used for research. Each person is individually tracked
throughout the database period and prescription records contain
information on the date of dispensing, the quantity dispensed, the
dose regimen, the number of days the prescription is valid, the
prescribing physician and the Anatomical Therapeutic Chemical code
(ATC code). Each patient has a unique anonymous identifier; date of
birth and gender are known. Due to the high patient-pharmacy
commitment in the Netherlands, the medication records for each
patient are virtually complete, except for over the counter (OTC)
drugs and medication dispensed during hospitalization” (21).

For the current study (Figure 1), we included 17,705 participants,
>18years old at the onset of the second Lifelines assessment, who
self-reported whether they had an ASD-diagnosis, and completed the
short version of the Autism Spectrum Quotient (AQ-10). The 17,705
included participants were sex-stratified (10,539 females and 7,212
males) and then categorized in quartiles based on their AQ-10
sum-scores, resulting in a female quartile with highest AQ-10
sum-scores (female HQ-traits-group: n=2,635), female quartile with
lowest AQ-10 sum-scores (LQ-traits-group: n=2,635), male quartile
with highest AQ-10 sum-scores (male HQ-traits-group: n=1803), and
male quartile with lowest AQ-10 sum-scores (LQ-traits-group:
n=1803).

Of the 17,705 included participants, 198 reported having an
ASD-diagnosis (1.1%). In the ASD-group (n=198), 21 participants
(10.6%) met the criteria for having MetS. However, G*Power analysis
showed that for logistic regression using MetS as outcome and with a
power of at least 0.8, in the ASD-group at least 43 participants needed
to meet the criteria for MetS. Thus, the power in the diagnosed
ASD-group was insufficient for performing regression.

Autistic community involvement

During several brainstorm sessions, our research team was
advised about relevant research questions and variables by a project-
group of the Dutch ‘Academic Workplace Autism’, which consisted of
both adults with ASD and clinicians with experience treating people
with ASD.

Measures

Autistic traits

The AQ-10 is a valid instrument to roughly quantify the level of
autistic traits in adults with average intelligence (22). It is not designed
to determine the presence of an ASD-diagnosis, but it can indeed
be used to investigate the degree of autistic traits in population
samples (23-26). The AQ-10 consists of ten questions about the
following five domains of autistic traits: attention to detail, attention
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FIGURE 1
Flow diagram of study population

switching, communication, imagination, and social skills (22). The
questions are scored with a four-point Likert-scale. The minimum
AQ-10 score is zero and the maximum score is 10; a higher score
represents the presence of more autistic traits.

Metabolic syndrome

The definition of MetS was the presence of at least three of five
criteria (9): an increased waist circumference (in males: 102 cm, in

Frontiers in Psychiatry

females: 88 cm; measured by trained Lifelines’ staff), increased fasting
glucose (serum level 5.6 mmol/L and/or use of blood glucose-lowering
drugs), decreased HDL-cholesterol (in males:1.0mmol/L, in
females:1.3 mmol/L, and/or use of lipid-modifying drugs), increased
triglycerides (1.7 mmol/L and/or use of lipid-modifying drugs), and/
or hypertension (systolic blood pressure 130 mmHg, and/or diastolic
blood pressure 85 mmHg, and/or use of antihypertensive drugs). The
ATC-codes used to assess the use of blood glucose-lowering drugs,
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lipid-modifying drugs, and antihypertensive drugs can be found in
Supplementary Table S1. The use of these drugs was based on
prescription in the IADB.nl database within a period of 180days
before the physical visit of the second Lifelines assessment.

Psychological factors

The presence of depression and anxiety were determined with a
face-to-face Mini International Neuropsychiatric Interview [MINT;
based on the DSM-IV-TR (27)]. Depression was defined as any
current depressive disorder: major depressive disorder or dysthymia.
The definition of anxiety included any current anxiety disorder: panic
disorder, agoraphobia, social phobia, or generalized anxiety disorder.
Long-term Difficulties Inventory (LDI) sum-scores were used to
assess self-reported stress. Self-reported health was quantified with the
following 5-point Likert scale RAND-question: ‘How would you rate
your health generally speaking?’

Behavioral factors

Physical activity was determined with the following question from
the Short Questionnaire to Assess Health-enhancing physical activity:
“Adding everything up, on how many days per week on average are
you involved in cycling, doing odd jobs, gardening, sport, or other
strenuous activities for at least 30 min?” The prevalence of an average
alcohol intake of at least three glasses per day [heavy drinking (28,
29)] was measured with a question from the Flower Food Frequency
questionnaire (FFQ): “During the past month, how many glasses of
alcoholic drinks did you drink per day on average?” Smoking was
assessed with self-report regarding smoking in the past month.

Biological factors

Leukocyte- and subtype-counts were analyzed because they are
measures of (low-grade) inflammation and a biological stress
response. Chronic low-grade inflammation is an essential pathogenic
factor for MetS (30, 31). Blood samples were drawn by trained
Lifelines’ staff during a physical visit.

Covariates

Self-reported employment status and educational attainment were
combined to determine socioeconomic status. Employment was
defined as doing paid work for one or more hours per week. Low
educational attainment included no education, primary, lower or
preparatory vocational education, or lower general secondary
education. Middle educational attainment was defined as: intermediate
vocational education or apprenticeship, higher general secondary
education, or pre-university secondary education. High educational
attainment entailed higher vocational education or university. As
several types psychotropic drugs can have weight gain as side effect,
potentially weight-increasing antidepressants, antipsychotics, and
anticonvulsants were assessed. None of the included participants used
anticonvulsants. A list of the Anatomical Therapeutic Chemical (ATC)
codes to identify the use of antidepressants and antipsychotics can
be found in Supplementary Table S1.

Statistical analysis

We used IBM SPSS Statistics version 25 for all data analyses.
Basic characteristics, including the prevalence of MetS, were
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compared with univariable analyses in the following groups: female
HQ-traits-group versus female LQ-traits-group and male HQ-traits-
group versus male LQ-traits-group (Table 1). These univariable
analyses involved Chi-square tests for categorical variables and
Student’s t-tests or Mann-Whitney U tests for continuous variables.
Next, multivariable analyses were performed in the female and male
HQ- and LQ-traits-groups: psychological, behavioral, and biological
factors were compared between these sex-stratified groups using
multivariable regression, with correction for age and socioeconomic
status (Table 2). Lastly, multivariable logistic regression with the
presence of MetS as outcome measure was conducted (Table 3).
These logistic regression models were executed for each of the
included psychological, behavioral, and biological variables in the
sex-stratified HQ-traits-
socioeconomic status (employment and education) were included as

and LQ-traits-groups. Age and
covariates. Because of some missing data in the employment and
educational attainment (see Supplementary Table S2), we performed
step-by-step with three models (model 1 adjusted for age; model 2
adjusted for age and employment; model 3 adjusted for age,
employment, and educational attainment). Model 3 was the most
suitable as the point estimates remained similar. From the
investigated potentially weight gain-inducing psychotropic drugs,
only antidepressants were frequently used in our study population.
Therefore, the latter logistic regression models were also performed
with correction for the use of antidepressants. However, this did not
result in outcomes leading to different conclusions, since the same
significant outcomes were found. Transformation of skewed data
was not indicated, because the assumptions of logistic regression
were met based on the nature of the distributions and the large
sample sizes.

Results
Basic characteristics

The basic characteristics of the females and males in the HQ- and
LQ-traits-groups are shown in Table 1. The mean ages were not
different within the female and male groups. In both the female and
male HQ-traits-groups, the socioeconomic status was lower than in
the female and male LQ-traits-groups.

Metabolic syndrome

MetS was more common in the female HQ-traits-group than in
the female LQ-traits-group (10.0% vs. 7.5%, p <0.01, see Table 1). In
contrast, among males, the prevalence of MetS in the HQ-traits-group
was not different from the LQ-traits-group (13.8% vs. 13.1%, p=0.52).
The prevalence of MetS was higher in the male HQ-traits-group than
in the female HQ-traits-group (13.8% vs. 10.0%, p <0.01).

Psychological, behavioral and biological
factors associated with MetS

The psychological, behavioral, and biological factors in the female
and male HQ- and LQ-traits-groups can be found in Table 2.
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TABLE 1 Basic characteristic of HQ-traits-group, LQ-traits-group, and sex-stratified subgroups.

Females Males
HQ-traits- LQ-traits- HQ-traits- LQ-traits-
group group Value of p? group group Value of p?
n=2,635 n=2,635 n=1803 n=1803

Age (mean, SD) 49.1 (12.8) 48.6 (11.7) N.S. 51.7 (12.9) 51.9 (11.7) N.S.
AQ-10° sum score (median, IQR) 4 (4-5) 0(0-1) <0.01 5(5-6) 1(0-1) <0.01
Ethnicity (N, %)

Eastern or Western European 2,421 (91.9) 2,484 (94.3) N.S. 1,656 (91.8) 1,677 (93.0) N.S.

Mediterranean or Arabic <10 (<0.4) <10 (<0.4) <10 (<0.6) <10 (<0.6)

Black <10 (<0.4) <10 (<0.4) <10 (<0.6) <10 (<0.6)

Asian <10 (<0.4) <10 (<0.4) <10 (<0.6) <10 (<0.6)

Other 28 (1.1) 15 (0.6) 11 (0.6) <10 (<0.6)
Educational attainment (N, %)

Low 581 (22.0) 302 (11.5) <0.01 389 (21.6) 186 (10.3) <0.01

Middle 863 (32.8) 713 (27.1) <0.01 517 (28.7) 412 (22.9) <0.01

High 733 (27.8) 1,171 (44.4) <0.01 546 (30.3) 860 (47.7) <0.01
Employment (N, %) 1,665 (63.2) 2006 (76.1) <0.01 1,201 (66.7) 1,348 (74.8) <0.01
Use of antipsychotics® <10 (<0.4) <10 (<0.4) - <10 (<0.6) <10 (<0.6) -
Use of antidepressants® 63(2.4) 27 (1.0) <0.01 21(1.2) <10 (<0.6) -
Metabolic syndrome (N, %) 264 (10.0) 197 (7.5) <0.01 248 (13.8) 236 (13.1) N.S.
WC > threshold (N, %) 1,135 (43.1) 1,005 (38.1) <0.01 463 (25.7) 417 (23.1) N.S.
Hypertension (N, %) 960 (36.4) 839 (31.8) <0.01 954 (52.9) 972 (53.9) N.S.
Triglycerides > threshold (N, %) 273 (10.4) 209 (7.9) <0.01 425 (23.6) 421 (23.3) N.S.
HDL-cholesterol < threshold (N, %) 386 (14.6) 309 (11.7) <0.01 196 (10.9) 163 (9.0) N.S.
Use of lipid-modifying drugs (N, %) 35(1.3) 26 (1.0) N.S. 41(2.3) 54 (3.0) N.S.
Increased fasting glucose (N, %) <10 (<0.4) <10 (<0.4) N.S. 10 (0.6) 13(0.7) N.S.

“Unadjusted value of ps: Chi-square tests for categorical variables and Student’s ¢-tests or Mann-Whitney U tests for continuous variables. "AQ-10=short version of the Autism Spectrum
Quotient. “Only antipsychotics which are likely to have weight gain as side effect were included (corresponding ATC-codes: see Supplementary Table S1). *Only antidepressants which are likely
to have weight gain as side effect were (corresponding ATC-codes: see Supplementary Table S1). “Metabolic syndrome was defined as the presence of three or more of the following criteria: (1)
waist circumference (WC) above threshold: >88 cm in females and >102 cm in males, (2) hypertension: systolic blood pressure >130 mmHg, diastolic blood pressure >85 mmHg, and/or use of

antihypertensive drugs, (3) triglycerides >1.7 mmol/L and/or use of lipid-modifying drugs, (4) HDL-cholesterol <1.3 mmol/L in females and < 1.0 in males, and/or use of lipid-modifying.

Drugs, (5) fasting serum glucose >5.6 mmol/L and/or use of blood glucose-lowering drugs.

Table 3 shows the associations between these psychological,
behavioral, and biological factors and the presence of MetS. In the
female HQ-traits-group, the presence of MetS was associated with
higher stress levels, poorer self-reported health, and the presence of a
depressive disorder (OR 1.07, 95% CI 1.01-1.13; OR 0.53, 95% CI
0.43-0.66; OR 1.65, 95% CI 1.03-2.63; see Table 3). To explain, for
example, a one-point higher score on the LDI stress questionnaire
increases the odds of having MetS 1.07 times. Regarding behavioral
factors, the presence of MetS was associated with less physical activity
and smoking in the female HQ-traits-group (OR 0.88, 95% CI 0.91-
0.95; OR 1.53, 95% CI 1.01-2.30). In other words, one more day of at
least 30 min of physical activity per week decreases the odds of having
MetS 0.88 times. In addition, higher total leukocyte-, neutrophil-,
lymphocyte-, and monocyte-counts were associated with MetS in the
female HQ-traits-group. However, in the female HQ-traits-group, the
presence of anxiety disorders, alcohol use of more than two glasses per
day, eosinophil-counts, and the neutrophil-to-lymphocyte ratio were
not associated with the presence of MetS.
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In the male HQ-traits-group (see Table 3), the presence of
MetS was associated with poorer self-reported health, less physical
activity, and higher total leukocyte-, neutrophil-, lymphocyte-,
and monocyte-counts (OR 0.59, 95% CI 0.48-0.72; OR 0.84, 95%
CI0.78-0.92; OR 1.31, 95% CI 1.21-1.43; OR 1.39, 95% CI 1.24-
1.57; OR 2.00, 95% CI 1.54-2.59; OR 13.83, 95% CI 5.39-35.49).
In this male HQ-group, MetS was not associated with stress levels,
the presence of anxiety or depressive disorders, alcohol use,
neutrophil-to-

smoking,  eosinophil-counts, and the

lymphocyte ratio.

Discussion

Our study showed that in the general population, MetS is more
common in females with higher levels of autistic traits than in females
with lower levels of autistic traits. When comparing males with higher
and lower levels of autistic traits, their prevalence of MetS was not
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TABLE 2 Psychological, behavioral and biological factors: HQ-traits-group versus LQ-traits-group.

Females Males
HQ-traits- LQ-traits- : HQ-traits- LQ-traits- .
group, group, Value of p? & (éuss(,}egl)?R group, group, Value of p* (95§eg|)?R
n=2,635 n=2,635 ° n=1803 n=1803 °

Psychological
Stress (median, IQR) 2(1-4) 2(1-3) <0.01 1.17 (1.14-1.21) 2(0-3) 1(0-3) <0.01 1.17 (1.13-1.22)
Self-reported health (median, IQR) 3.0 (3.0-4.0) 3.0 (3.0-4.0) <0.01 0.64 (0.59-0.70) 3.0 (3.0-4.0) 4.0 (3.0-4.0) <0.01 0.65 (0.59-0.71)
Anxiety disorder (N, %) 331 (12.6) 127 (4.8) <0.01 2.80 (2.23-3.52) 146 (8.1) 41(2.3) <0.01 3.48 (2.39-5.05)
Depressive disorder (N, %) 190 (7.2) 55 (2.1) <0.01 3.39 (2.42-4.74) 80 (4.4) 27 (1.5) <0.01 2.85 (1.77-4.59)
Behavioral
Alcohol use, >2 glasses/day (N, %) 259 (9.8) 275 (10.4) N.S. 0.98 (0.80-1.21) 412 (22.9) 502 (27.8) 0.02 0.70 (0.58-0.84)
Physical activity, days/week (median, IQR) 4.5 (3.0-6.0) 5.0 (3.0-6.0) <0.01 0.94 (0.91-0.98) 4.0 (2.5-6.0) 4.5 (3.0-6.0) <0.01 0.95 (0.91-0.99)
Smoking (N, %) 308 (11.7) 255 (9.7) 0.02 1.14 (0.93-1.39) 212 (11.8) 250 (13.9) N.S. 0.73 (0.58-0.91)
Biological

Total leukocytes (10°9/L) (median, IQR) 5.80 (4.90-6.90) 5.70 (4.90-6.80) <0.01 1.04 (1.00-1.08) 5.80 (4.90-6.83) 5.80 (5.00-6.90) N.S. 0.99 (0.95-1.03)

Neutrophils (1059/L) (median, IQR) 3.11 (2.48-3.92) 3.03 (2.43-3.78) 0.01 1.05 (0.99-1.10) 3.03 (2.49-3.76) 3.05 (2.50-3.77) N.S. 1.00 (0.93-1.06)

Lymphocytes (10"9/L) (median, IQR) 1.92 (1.58-2.33) 1.91 (1.55-2.32) N.S. 1.00 (0.91-1.11) 1.89 (1.55-2.27) 1.90 (1.54-2.28) N.S. 0.89 (0.78-1.02)

Monocytes (10°9/L) (median, IQR) 0.46 (0.38-0.55) 0.45 (0.37-0.54) <0.01 1.94 (1.24-3.04) 0.52 (0.43-0.62) 0.51 (0.42-0.62) N.S. 0.93 (0.57-1.51)

Eosinophils (10%9/L) (median, IQR) 0.15 (0.10-0.23) 0.15 (0.10-0.23) N.S. 1.01 (0.62-1.65) 0.17 (0.11-0.26) 0.18 (0.12-0.27) N.S. 1.13 (0.65-1.96)

Neutrophil-to-lymphocyte ratio (median, IQR) 1.62 (1.26-2.12) 1.60 (1.21-2.05) N.S. 1.06 (0.98-1.14) 1.64 (1.25-2.14) 1.63 (1.27-2.08) N.S. 1.04 (0.95-1.14)

“Unadjusted p-values: Chi-square tests for categorical variables and Student’s ¢-tests or Mann-Whitney U tests for continuous variables. *Adjusted for age and socioeconomic status (employment and educational attainment).
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TABLE 3 Multivariable logistic regression with the presence of metabolic syndrome as outcome.

Females

HQ-traits-group,

n=2,635

Metabolic syndrome
(OR, 95% ClI)?

LQ-traits-group,
n=2,635

Metabolic syndrome
(OR, 95% ClI)?

Males

HQ-traits-group,
n=1803

LQ-traits-group,
n=1803

Metabolic syndrome
(OR, 95% ClI)?

Metabolic syndrome
(OR, 95% ClI)?

Psychological

Stress 1.07 (1.01-1.13) 1.05 (0.97-1.13) 1.01 (0.94-1.08) 1.12 (1.03-1.22)
Self-reported health 0.53 (0.43-0.66) 0.54 (0.44-0.68) 0.59 (0.48-0.72) 0.47 (0.38-0.58)
Anxiety disorder 1.13 (0.74-1.72) 1.68 (0.91-3.10) 1.44 (0.88-2.38) 1.42 (0.58-3.50)

Depressive disorder 1.65 (1.03-2.63)

1.93 (0.79-4.69)

1.58 (0.85-2.91) 1.06 (0.31-3.65)

Behavioral

Alcohol use of >2 glasses/day 1.00 (0.57-1.78)

1.87 (1.12-3.12)

1.28 (0.85-1.95) 1.84 (1.25-2.70)

Physical activity (days/week) 0.88 (0.91-0.95)

0.90 (0.83-0.98)

0.84 (0.78-0.92) 0.85 (0.78-0.92)

Smoking 1.53 (1.01-2.30)

1.51 (0.93-2.45)

1.05 (0.66-1.66) 1.69 (1.12-2.53)

Biological

Total leukocytes (10"9/L) 1.41 (1.30-1.52)

1.42 (1.29-1.55)

1.31(1.21-1.43) 1.20 (1.09-1.31)

Neutrophils (10%9/L) 1.49 (1.34-1.65)

1.56 (1.38-1.77)

1.39 (1.24-1.57) 1.45 (1.28-1.65)

Lymphocytes (109/L) 2.32(1.87-2.87)

1.64 (1.29-2.09)

2.00 (1.54-2.59) 1.47 (1.15-1.87)

Monocytes (1059/L) 6.76 (2.81-16.28)

7.11 (2.35-21.50)

13.83 (5.39-35.49) 9.50 (3.71-24.35)

Eosinophils (1079/L) 2.40 (0.84-6.87)

2.94 (0.98-8.89)

1.84 (0.69-4.86) 2.28(0.71-7.33)

1.07 (0.90-1.26)

Neutrophil-to-lymphocyte ratio

1.25 (1.04-1.49)

1.12 (0.94-1.34) 1.17 (0.99-1.39)

*Adjusted for age and socioeconomic status (employment and educational attainment).

different. These findings are concordant with a previous sex-stratified
study including adults with an ASD-diagnosis (7).

With respect to the investigated psychological factors, in both
females and males with higher levels of autistic traits, the presence of
MetS was strongly associated with poorer self-reported health. Also,
stress levels and the presence of anxiety disorders were moderately
associated with MetS in females with higher levels of autistic traits. To
our knowledge, these findings cannot directly be compared to other
studies, since the relation between these psychological variables and
MetS in adults with autistic traits has not been examined previously.
It does seem that autistic traits, self-reported health, stress and anxiety
disorders are interrelated, based on previous research (32-34).

Regarding the assessed behavioral factors, the presence MetS was
strongly associated with less physical activity in both females and
males with higher levels of autistic traits. Moreover, females and males
with higher levels of autistic traits were less physically active than
females and males with lower levels of autistic traits. In previous
studies, adults either with an ASD-diagnosis or autistic traits also
reported less physical activity (35, 36). Smoking was moderately
associated with MetS in the females with higher levels of autistic traits
from our study. However, in our study, females with higher levels of
autistic traits did not smoke more than females with lower levels of
autistic traits, which is in line with previous research in autistic adults
(37). Together, especially enhancement of physical activity should
be taken into account in the prevention of cardiovascular risk for
adults with autistic traits.

From the investigated biological factors, MetS was strongly
associated with leukocyte and several -subtype counts in both males
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and females with higher levels of autistic traits. This association could
be explained by increased chronic stress levels in adults with higher
levels of autistic traits, as psychological stress can alter these
immunological variables through the hypothalamic-pituitary-adrenal
axis (18). Altered immune responses due to chronic stress are
interrelated with metabolic activity and increased risk for
cardiovascular diseases (31, 38, 39). However, MetS itself is also related
to low-grade systemic inflammation, since the total leukocyte and
-subtype counts were also associated with MetS in males and females
with lower levels of autistic traits.

Strengths and limitations

The large sample size is the main strength of this study, reporting
on a wide range of biopsychosocial variables in adults from a general
population cohort. Furthermore, our analyses based on the
participants’ level of autistic traits is a first step to better understand
the increased risk for cardiovascular diseases in autistic adults and to
identify cardiovascular risk profiles associated with higher level of
autistic traits. Another strength of this study is the use of physically
measured variables (e.g., blood pressure, fasting glucose, waist
circumference, cholesterol levels) and linked medication data from the
IADB.nl database to define the presence of MetS in participants.

Temporality was not examined in our study, because of the cross-
sectional design. Also, the AQ-10 scores were assessed on a later
moment in time (on average 4 years later) than the measures of MetS
and psychological, behavioral, and biological factors. However, it has
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previously been investigated that the AQ-10 test-retest reliability was
adequate with a time interval of 6 to 12months (40). It could
be debated whether differences in AQ-10 scores between males and
females had an effect on the found associations. However, the
statistical AQ-10 variance was smaller in males than in females from
the HQ-traits-groups. Also, the adult AQ-10 was validated for both
men and women (22). Moreover, categorization of our study
population in reversed order (first into HQ-/LQ-traits-groups and
then sex-categorization) did not lead to other main study results. Next,
it should be noted that in the Lifelines Cohort, only people with the
ability to fill in self-report questionnaires were eligible for inclusion.
Thus, our study results cannot be generalized to adults with (cognitive)
disabilities impacting self-report. Lastly, since 25 (12.6%) of the
participants with ASD from the 198 participants with ASD in the total
study population were not included in the final analysis of female and
male HQ- and LQ-traits-groups, our study was not able to cover all
people diagnosed with ASD in our Lifelines Cohort sample.

Implications

Healthcare providers, such as general practitioners and
psychiatrists, should be alert to assess cardiovascular risk factors when
providing care for females with autistic traits, because of their
increased prevalence of MetS. This implies that a wider range of
females with higher levels of autistic traits, other than only those with
an ASD-diagnosis based on previous research (7), should be included
in timely cardiovascular preventive interventions. Next, adults with
autistic traits and their healthcare providers should be educated about
the factors associated with MetS in this population. Future studies
could gain more insight into the pathway through which autistic traits,
biopsychosocial factors, and cardiovascular risk factors interact,
especially in females.

Conclusion

In females with higher levels of autistic traits, the prevalence of
MetS is higher than in females with lower levels of autistic traits. In
both males and females with higher levels of autistic traits, the
presence of MetS is strongly associated with poorer self-reported
health, less physical activity, and altered leukocyte and -subtype
counts. Earlier and adequate cardiovascular preventive measures are
indicated for adults with relatively more autistic traits. To decrease
morbidity and mortality of adults with high levels of autistic traits,
future research should focus on implementation of cardiovascular
prevention for adults with autistic traits.
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Augmentative alternative communication (AAC) devices or systems are often
prescribed to minimally verbal or nonspeaking autistic individuals and other
individuals with complex communication needs to facilitate communication or
as an alternative to spoken language. AAC use can result in communication gains
and improved quality of life for minimally verbal or nonspeaking individuals.
Despite this, AAC abandonment is high, limiting societal participation of the
individual on the autism spectrum with complex communication needs. Our
study is a novel exploration of the barriers of AAC use from a multi-stakeholder
perspective, and a qualitative analysis of similarities and differences between
stakeholders. We conducted semi-structured interviews and focus groups with
30 parent-carers, educators and clinicians currently supporting AAC users in
Western Australia and analysed the data using reflexive thematic analysis. Barriers
from each stakeholder group were coded, resulting in 17 subthemes forming five
main themes common to all stakeholders: Stakeholder Knowledge, Stakeholder
Attitudes and Stigma, Resources, AAC User Engagement, and Device Fit.
Contrasting perspectives included actual and perceived stigma associated with
AAC use (parent-carers vs clinicians); different struggles with resources and
knowledge (parent-carers vs clinicians and educators); and a lack of clinician
communication in the processes that determined AAC-fit for school
environments (educators only). Findings are discussed in the context of
improving inter-stakeholder collaboration and capacity building in Australian
health service and practice to better support minimally verbal or nonspeaking
autistic individuals and individuals with complex communication needs.
Suggestions are also offered for communication partner training.

KEYWORDS

augmentative alternative communication, autism, communication partners, complex
communication needs, minimally verbal, nonspeaking, stakeholder perspectives
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental
condition characterised by challenges with social communication
and heterogeneous language ability (1). About a third of autistic
children and youth are minimally verbal or nonspeaking and are
often neglected in autism research (2). Minimally verbal or
nonspeaking autistic individuals and individuals with significant
language needs are encompassed by the broader term complex
communication needs (CCN), which affects an estimated 1 in 500
people in Australia (3).

Augmentative and alternative communication (AAC)
is typically prescribed as communication interventions for
minimally verbal autistic individuals and individuals with CCN
(4, 5). AAC encompasses systems and devices that supplement/
augment language development or act as a replacement/alternative
to verbal speech, or both (6). AAC interventions include unaided
(e.g., hand signs) or aided (e.g., speech generating devices) systems,
and can range from light-tech (or no-tech) to high-tech systems.
The current study focuses on the latter (e.g., iPad, eye-gaze
systems), and is aligned with the belief that the goal of AAC is to
allow users to communicate independently without a facilitator
being present (7, 8).

Research on AAC use shows improved communication skills in
autistic children (9) - including those with intellectual disabilities
and CCN (10, 11) - decreased challenging behaviours (12, 13),
increased requesting skills (14), increased social participation (15),
and increased language and communication development (16-19).
When interviewed, AAC users and stakeholders reported
qualitative benefits like improved communication (20), better
parent-child relationships (21), and increased independence (22).

Despite the potential positive outcomes from AAC use, 30%-
50% of users abandon or under-use their AACs (23). In a systematic
review on barriers and facilitators of light-tech AAC use, Moorcroft
et al. (24) identified environmental factors (e.g., attitudes and
supports by professionals, family and society) and personal
factors (e.g., AAC user’s attitude, socioeconomic status and
culture) as the main barriers to provision and use of AAC by
people with CCN. Research on barriers of AAC use have found
similar themes but often focuses only on AAC users (25), parents
only (26-29), or parents and clinicians only (30-32). Our study
takes a novel multi-stakeholder approach (parent-carers, educators
and clinicians) to capture nuances between stakeholder views on
AAC barriers across a wider range of real-life settings (i.e., home,
school, clinical therapy).

Methods
Participants

This study was approved by the Murdoch University Human
Research Ethics Committee. Participants were recruited through
purposive sampling through autism-specific services and disability
service providers in Western Australia (WA), word-of-mouth, and
social media. Participants included nine parent-carers, ten
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educators and eleven clinicians from metropolitan Perth and
regional Western Australia.

Participant demographics can be found in Table 1. The parent-
carer group comprised primary carers of high-tech AAC users who
are predominantly autistic (minimally verbal/nonspeaking) pre-
school and school-aged children. The educator group comprised
school principals, mainstream and special schoolteachers and
assistants. The clinician group comprised speech and language
pathologists (SLPs) and psychologists. Educators and clinicians
varied in work-experience with AAC users, and types of AAC
supports they had engaged with. All clinicians and educators had
worked with minimally verbal autistic AAC users of all ages and
with varied co-occurring diagnoses. Few had experience with
unaided systems (Makaton, AUSLAN), many had experience with
light-tech (e.g., PODD) and all had experience with high-tech AAC
(e.g., eye gaze, iPad speech generating devices).

Data collection

We used semi-structured interviews and focus groups separated
by stakeholder group (i.e., parent-carers, educators, and clinicians)
to encourage open conversation in the absence of the other
stakeholder groups and therefore a deeper understanding of the
challenges unique to each group (e.g., 33). Interviews were targeted
to each stakeholder group as per focus group/interview
recommendations (34). Participants were asked ten questions in
three sections. Section 1 and 2 focused on a stakeholder’s
experiences when supporting AAC users. In section 2,
participants were also shown nine barriers identified by previous
research (21, 24, 35, 36), and asked to rank the three biggest barriers
in AAC they had faced (barrier cards are provided in the
Supplementary File). These rankings had two purposes: first as a
conversation tool, inviting participants to agree or disagree on
previously found barriers and to elaborate on their points; second
as a tool in our analysis to compare and contrast the barriers across
the stakeholder groups. Section 3 focused on overcoming barriers
which forms a separate study. An assistant moderator was present
to record field notes and provide a summary at the end of each focus
group or interview. Participants could confirm or correct the
accuracy of the summary.

Procedure

Due to COVID-19 restrictions in WA during 2022, four
sessions were in-person and 16 sessions were online. Participants
were given the option to attend focus groups (n = 18) or individual
interviews (n = 12) as flexibility is needed when collecting data from
these populations. This format variability is not uncommon (30, 37)
and a breakdown of attendance format by participant group is
provided in the Supplementary File. To maintain consistency, all
researchers piloted sessions with Murdoch University Child
Cognition and Autism Research Laboratory members (including
those with lived-experience of ASD and/or CCN) who were not
involved in the study. Consent was obtained from all participants
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TABLE 1 Demographics of 30 participants in focus groups and interviews.

Stakeholder Participant Child Child Diagnosis Highest AAC experience
Group Age (years) Education Level (years)
Parent-Carer 1 Mother 14 Down syndrome bachelor >10

Parent-Carer 2 Mother 14 cerebral palsy bachelor NA

Parent-Carer 3 Mother 7 ASD postgraduate 3-5

Parent-Carer 4 Mother 13 ASD, Bainbridge- bachelor >5

Ropers syndrome

Parent-Carer 5 Mother 26 ASD bachelor >10
Parent-Carer 6 Grandmother 27 ASD Year 10 >10
Parent-Carer 7 Mother 8 ASD bachelor 3-5
Parent-Carer 8 Mother 4 ASD N/A N/A
Parent-Carer 9 Mother 3.5 Angelman syndromic N/A N/A
form of ASD
Educator 1 educator Varies Varies postgraduate diploma >5
Educator 2 educator Varies Varies masters >10
Educator 3 educator Varies Varies advanced diploma >5
Educator 4 educator Varies Varies TAFE 3-5
Educator 5 educator Varies Varies graduate diploma >5
Educator 6 educator Varies Varies bachelor; NA

graduate certificate

Educator 7 educator Varies Varies bachelor; 10-15
graduate certificate

Educator 8 educator Varies Varies diploma 10-15
Educator 9 educator Varies Varies PhD >5
Educator 10 educator Varies Varies diploma >10
Clinician 1 SLP Varies Varies graduate certificate 5
Clinician 2 SLP Varies Varies postgraduate >10
Clinician 3 SLP Varies Varies bachelor <2
Clinician 4 SLP Varies Varies masters >10
Clinician 5 SLP Varies Varies masters 3-5
Clinician 6 SLP Varies Varies masters <2
Clinician 7 SLP Varies Varies bachelor <2
Clinician 8 SLP Varies Varies bachelor >5
Clinician 9 SLP Varies Varies bachelor <2
Clinician 10 school Varies Varies masters >10
psychologist
Clinician 11 school Varies Varies masters >10
psychologist

SLP, speech language pathologist; ASD, autism spectrum disorder; ID, intellectual delay.

prior to the study and participants were given a $20 grocery voucher  Data analysis

each as a token of appreciation. No participants chose to withdraw

post-interview, therefore the final analysis consisted of the full Themes were identified as per Braun and Clarke’s (38, 39)
dataset of responses. Participant sessions were recorded and  reflexive thematic analysis procedures which included researchers’
transcribed verbatim. engagement with semantic content of the data. Using a codebook
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approach, we first combed the transcripts for potential codes, on
MAXQDA 2022 (40). Then, through iterative discussions and
inductive data engagement the research team generated and
refined themes from the initial codes (41). Finally, we looked for
similarities and differences between the stakeholder groups for each
of the 18 codes, while also referring to assistant moderator field
notes and participants’ top three barrier rankings. Through reflexive
discussions, all researchers could debate and challenge different
researcher standpoints of the themes (39, 42).

Results

Table 2 shows the subthemes generated from all stakeholders
that formed the five main themes: Stakeholder Knowledge,
Stakeholder Attitudes and Stigma, Resources, AAC User
Engagement, and Device Fit. There were differences between
stakeholder groups in how each of the five themes were
experienced. Subthemes were highlighted if identified as being
unique to a particular stakeholder group (italicised in Table 2).

Theme 1: Stakeholder Knowledge

All stakeholders mentioned a lack of AAC knowledge as a
barrier. 44% of parent-carers, 90% educators and 55% clinicians
ranked this in their top three barriers of AAC use. When
stakeholders lacked technical and practical knowledge in AAC,
there would be fewer and briefer AAC conversations with users. For
example, Parent-Carer 1 said that because she did not know how to
operate the AAC device efficiently, it shortens the conversations she
has with her child: “...Itry to find the words [on AAC], it takes a long
time and [child] loses his patience.” Lack of knowledge among
professionals also leads to poorer support and learning
opportunities for AAC users. For example, Educator 5 felt limited
in his ability to teach his students who use AAC if he is not fluent in
using the device “How are you supposed to model it and make it
useful and valuable to the students?”.

All stakeholder groups unanimously raised that their lack of
knowledge was attributable to difficulty accessing training. Some
parent-carers faced hurdles at the beginning of their AAC journey,
as they could not readily access AAC or speech and language
services and relevant training, “We were very new to NDIS
[National Disability Insurance Scheme] and we didn’t know where
we were meant to get any of the services from.” (Parent-Carer 6).
Many clinicians cited a lack of depth in AAC training during
tertiary education made them feel poorly prepared to serve AAC
users and their families. “[There are] theoretical things in university,
but there’s not much opportunity to apply in practice the actual
selection of device, selection of vocabulary, display.” (Clinician 3).
This sentiment is echoed by Clinician 1, “(at university) we never
touched a device ... never done a disability practical...”.

A lack of AAC knowledge in stakeholders in our study also
extended to other communication partners such as peers, siblings
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and the broader society. Parent-Carer 5’s son communicates with
his parents, support worker and SLP using AAC, however, his AAC
interactions are limited when he is within community settings (e.g.,
work and peer-support groups) “..takes time for him to get [AAC]
out and start it up. If they don’t know he’s using it, it can end the
conversation a bit quickly.” The same occurs in therapy,“...a lot of
talking by the occupational therapist and [name]’s got less
opportunity to talk because he’s not using the device ... unless the
support worker specifically intervenes and suggests the use of the
iPad, it’s not used at all.” (Parent-Carer 5).

Additionally, psychologists in our clinician sample questioned
their role in the AAC space, “Is it to advocate for its use? Is it to
incorporate its use in what we do? This is a speech space and we’re a
bit turf aware...(knowing the boundary) can help us be more
respectful of our clients and more consistent with APS (Australian
Psychological Society) ethics ...
disrespectful communication and respect, and I think AAC is part
of respectful communication.” (Clinician 10).

the ethical code has things on

Stakeholder Knowledge: parent-carer
specific barrier

Four parent-carers (44%) described facing additional
challenges, such as understanding AAC training, autism research
and in navigating high-tech AAC devices: “I'm not terribly well-
educated. But (AAC trainers) presume that everyone’s got a
university degree ... a lot of us ... left school in year ten, and we
really aren’t up with all this modern stuff. They assume you know a
lot about the current research on autism...” (Parent-Carer 6).

Theme 2: Stakeholder Attitudes and Stigma

88% of parent-carers, 80% of educators and all clinicians
mentioned experiencing negative attitudes towards AAC use and
uptake. Stakeholders raised concerns that AAC would hamper a
child’s development and potential, and more pragmatic concerns
around being responsible for damaging expensive equipment. For
example, parent-carers cited their own initial hesitation when AAC
was suggested as an intervention: “I worried my son will lose his will
to speak, so better to make him speak clearly, use more speech
therapy.” (Parent-Carer 1). However, parents in our sample
eventually jumped onboard with AAC intervention when they
experience success communicating with their child, “I wasn’t
ready for it (AAC), seems confronting (to think) oh she’ll never
speak, but she took to it well and it really let us see that she is thinking
about things and has things to tell us. She just can’t say that verbally
.. it’s given her a voice.” (Parent-Carer 2).

Parents cited further hesitation to AAC intervention when
clinicians they rely on for advice held beliefs that a young child
was not ‘capable’ or ready for AAC: “The paediatrician (said) you
can’t give her [child] a communication system, she won’t understand it.
She needs to first show that she can understand pictures.” (Parent-
Carer 8). Clinicians noticed that this then causes delays to
communication intervention, “Often paediatricians won’t refer for
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TABLE 2 Barriers of AAC use identified by carers, educators
and clinicians.

Themes Codes — Barriers

Stakeholder 1.
Knowledge

Insufficient access to specialised training (AAC,
profound Autism)

2. Lack of awareness or access to disability services.
3. Societal AAC knowledge or awareness

4. Difficulties in accessing knowledge and technology
[parent-carers only].

Stakeholder Attitudes | 1.
and Stigma 2.

Reluctance in AAC uptake as early intervention
Device is withheld for safekeeping

3. Experienced stigma versus perceived stigma [parent-
carers and clinicians].

Resources 1. Limited time
2. Limited financial resources.
3. Time and funds for upskilling and to buy spare

devices [educators and clinicians]

AAC User 1. Acute factors

Engagement 2. Ingrained factors
3. Late AAC introductory age.
4. User characteristics and willingness not a barrier
[educators and clinicians].

Device Fit 1. Poor fit to users due to features

2. Poor fit to context and communication partners.
3. Poor fit in school due to lack of inter-stakeholder
communication [educators only].

Differences between stakeholder groups are denoted in italics. Differences that arose from or
pertained to a specific stakeholder group is noted in square brackets.

an assessment for AAC and will try manage what I would call complex
and challenging behaviours through medications.” (Clinician 11).
Lastly, all stakeholder groups experienced communication
partners withholding the device, due to a fear the device would
‘break on their watch’, “...mum that doesn’t let her daughter use her
device outdoors because she’s afraid it will get broken ... fear of that
‘gap’ when it’s broken, and you have to get it replaced or fixed.”

<

(Clinician 5). Parent-carer 3 states, “..a few times our therapist
mentions that A’s tablet is not easily accessible for him at school, like
it’s up in the cupboard ... the school was concerned the tablet got
damaged, not necessarily by A, but you know, because there’s

other kids”.

Stakeholder Attitudes and Stigma: experienced
stigma versus perceived stigma

Another concern that was evident across the dataset was the
stigma associated with being seen to use an AAC device. Parent-
carers were worried about negative societal perceptions or societal
stigma against their children using AACs. “..(people) don’t expect
him to have a device, or don’t understand why he doesn’t talk straight
away because he looks like everyone else...” (Parent-Carer 6). Some
parent-carers experienced barriers in communication from
extended family members and peers because of the AAC, “..
cousins don’t try at all to communicate with (child), and kids in
general don’t, they just sort of go, ‘oh she can’t talk’ (Parent-
Carer 4).

In contrast, clinicians believed this to be an issue of ‘perceived
stigma’,“I don’t think it’s society not accepting it. I think it’s parents
thinking society won’t accept it.” (Clinician 1). Clinicians mentioned
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stories of AACs going unused due to stigma that carrying an AAC

>«

signals that one is ‘incapable’, “For years ... nobody would ever set up
his device for him because they [believed] ... makes him look more
disabled or makes him look more different [in school].” (Clinician 1).
Clinicians also reported having seen acceptance and patience: “A lot
of adults generally are accepting, they would wait ... and would give
[AAC users] the time to say what he needs” (Clinician 5). This was
also reported in children, “Their peers absolutely love it (speech
generating AAC) ... other kids are like, what have you got and can I
press it, can I play too?” (Clinician 4).

As Clinician 10 surmises, stigma may be due to a lack of
visibility of high profile AAC users in Australia, “We have Dylan
Alcott, but we don’t really have a champion for AAC”.

Theme 3: Resources

All stakeholders cited competing financial and time demands
that limit the quantity and quality of AAC opportunities they could
create. Parent-carers experienced competing financial and time
demands, and need to prioritise care-related needs over AAC
communication: “...her needs are very large so we don’t have
enough money to have a speechie and also have a physio, ABA ...
I haven’t got the time or the resources to create little booklets and
read with her with her device ... everything takes a very long time,
plus working and my other child ... you’re so busy trying to feed her,
toilet her, get her to sleep...” (Parent-Carer 4).

Educators and clinicians also cite a lack of resources as a
barrier, specifically in family members and support workers.
“Support workers are paid to prioritize housework over working
with people on their communication.” (Clinician 8). Clinician 3
adds, “(families) have so much going on in their lives, so many
stressors than learning a new language system ... they’re sleep poor,
time poor. It’s hard to be adding more.”

While educators and clinicians do not think financial resources
are a barrier for them per se, most raised that organisational
decisions ultimately affect whether they can attend AAC training
or have resources to work with: “It’s really hard to get to know [AAC
system names] when you’re in class with 30 kids ... already under the
pump to get your curriculum boxes ticked, let alone stop and try to
learn a device ... when that child goes, the device goes. When do you
ever practice? Do you take it off a child during recess and practice?
No, I need spare devices.” (Educator 4).

Theme 4: AAC User Engagement

In our coding, most stakeholders (89% of parent-carers, 60% of
educators and 55% of clinicians) identified a user’s willingness to
use the AAC as a barrier. “(Name) has the ability and knows where
most of the words are. But his willingness to engage ... Or wanting to
use it as a communication. That’s the biggest barrier.” (Parent-
Carer 7).

When an AAC user does not initiate or reciprocate
communication using AAC, it can be due to either acute or
ingrained reasons. An acute example is when a child is emotionally
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dysregulated: “If he is sad or angry ... he doesn’t have the concentration
to look at the AAC ... the time that you really want to communicate to
find out what is wrong is the time that we have the most difficulty in in
trying to reach him” (Parent-Carer 3). Autistic AAC users may rely on
ingrained or internalised routines, and not spontaneously initiate AAC
use: “... their routine of using their device is, someone tells me to press
the button and then I press it ... they internalize that as how they use
their device ... prompt dependent ...” (Clinician 4). Other autistic
children may use AAC only in specific or predictable contexts:
when I use the AAC with him (to chat), he just doesn’t want to use it. If I
said let’s do your homework ... then he will use his AAC.” (Parent-Carer
7). User engagement in our sample was compounded by the age at
which the AAC device was introduced: “When devices are introduced
late, they [users] have already established pretty effective means of
communicating their needs and wants.” (Educator 5).

AAC User Engagement: more of a barrier to
parent-carers than educators and clinicians

When asked to rate the biggest three barriers that affected their
AAC use, nine parent-carers (100%) picked ‘user engagement/
willingness’ compared to educators (30%) and clinicians (27%).
When asked to elaborate, educators and clinicians believed that user
(dis)engagement is ‘perceived’ and the real barrier is poor device fit
and support.

“...individual’s abilities or willingness should not be up there [of
top barriers]. It might look like that, but it’s because they’ve been
given the wrong system or the people around them haven’t got
adequate training to support its use.” (Educator 6).

Theme 5: Device Fit and features

‘Device Fit’ was rated as a top three barrier to AAC use by all
parent-carers, 80% of eight educators and 73% clinicians, due to
poorly customised fit or sensory overwhelm to the user.

“Ideally we’ll have the AAC on him all the time, like having the
tablet sling on his shoulder ... but it does hinder his movement.”
(Parent-Carer 3 on the bulkiness of the AAC).

“There were just too many (distracting) icons” (Educator 8 on
why they abandoned a high-tech AAC for an autistic child).

“... the voice ... is robotic or American (in an Australian context)

.. not representative voice” (Educator 10)

Other times, the device or AAC system prescribed for a child is
not the ‘supported AAC type’ in their school, which hinders their
daily use “... it just happened that LAMP [prescribed AAC] is not the
preferred system, [school] prefers Proloquo ... but it’s not like we can
swap our system, the time and energy costs of switching systems is not
worth it” (Parent-Carer 3)

Device Fit educator specific barrier of poor inter-
stakeholder communication

While all groups discussed poor device fit to the child’s daily
use, only the educator group brought up that this was due to a lack
of inter-stakeholder communication. Educators mentioned that
schools are generally not involved or consulted when a child’s

Frontiers in Psychiatry

10.3389/fpsyt.2024.1385947

device is being chosen by clinicians, resulting in a device presenting
barriers at school, where a child spends a significant amount of
time, “The devices would just turn up ... (we all agree) that is not an
appropriate choice for that person (in school).” (Educator 5).

Discussion

In this study, we set out to identify and contrast barriers to AAC
use in a multi-stakeholder group (parent-carers, educators and
clinicians) who support an autistic child who is nonspeaking or
minimally verbal, as well as those with CCN.

The first theme on poor Stakeholder Knowledge was consistent
with findings in parents (29), educators (36) and clinicians (43). Ina
reversal of findings to ours, ‘lack of knowledge’ was brought up in
80% of caregivers but only 40% of clinicians in Romano and Chun's
(31) study. This difference is likely due to work experience in our
sample, with many of our educators and clinicians having two or
less years of AAC experience whereas Romano and Chun sampled
‘experienced’ speech pathologists. This reflects the role of work
experience in increasing confidence and efficacy in clinicians and
suggests the importance of pre-service (44) and in-service training.
Higher knowledge and self-efficacy in clinicians are often related to
more experience working with autistic clients and specific training
in autism and complex co-occurring conditions (45). While all our
stakeholders cite difficulties accessing specialized training and
disability services, our parent-carers mentioned additional
challenges in understanding the content within AAC training and
navigating high-tech AAC devices. Ganz et al. (46) suggested that
service provision and AAC selection need to consider the individual
with CCN, as well as the preferences of the key stakeholders that
support them. In this case, it is imperative for clinicians to take extra
time to identify parents’ level of knowledge and consider the
technology they are comfortable with, when prescribing AAC and
designing training for them.

Our second theme was on Stakeholder Attitudes and Stigma. As
with past studies (4, 9, 13, 16, 20, 22, 24, 27, 34, 35, 46-52), our
parent-carers initially worried that their children will lose their
potential for speech if they rely on AAC devices to ‘speak for them’,
or that AAC devices will single their child out to peers as being
different. The former is linked to stakeholder attitudes (i.e., belief in
myths; 53), and the latter to stigma. Within our second theme, there
was a sharp contrast in the experience of societal stigma: parent-
carers acknowledged a real impact, whereas clinicians attributed it
to perception.

It is possible that the discrepancy between ‘real’ and ‘perceived’
societal stigma is largely context-dependent. In the broader
community (parent-carer context), there is limited knowledge of
and exposure to AACs and people with disabilities, in comparison
to structured school programs or speech-language clinics (educator
and clinician context). The communities within the latter context
are inherently more inclusive due to relevant professional training
and/or exposure to disability, making it less likely for educators and
clinicians to encounter the stigma and isolation that parent-carers
experience: an area that warrants future research. Future research
should also investigate the potential influence of the AAC user’s age
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or AAC device type on the different experiences of stigma. For
instance, clinicians who work with younger children or children
with mainstream devices (e.g., ipads) may have more positive
experiences. Societal stigma may be reduced by improving AAC
interventions through peer-mediated interventions with explicit
teaching of AAC use and turn-taking in children (49, 54). When
neurotypical peers were taught AAC interaction strategies, students
using AAC enjoyed their interactions, saw their peers as friends,
and were more involved in class activities (55).

Also concerning is that our parent-carers and clinicians were
discouraged from requesting AAC intervention for children by
physicians who cited inaccurate attitudes and beliefs that children
needed ‘pre-requisite’ cognitive and sensorimotor skills to use AAC.
This is likely linked to physicians’ self-reported lack of autism-
specific knowledge and confidence in managing care of autistic
individuals with co-occurring intellectual delays or other severe
impairments (51, 56). This calls for targeted development of autism
and complex communication training programs focusing on
improving physician awareness, efficacy and behaviours. Lastly,
there were pragmatic concerns around being responsible for
expensive AAC equipment, and being fearful of being penalized
or going without, in the event the AAC is damaged or lost. This
suggests a need for clarity in NDIS provisions [e.g., device
replacements; (57)] and is linked to the next theme on resources.

Our third theme on Resources (a lack of or competing) was
consistent throughout parent-carer, educator and clinician groups.
Our parent-carer group mentioned competing demands on their
time and finances, making it hard for them to commit to AAC
partner training. Indeed, it is not uncommon to find parents in
AAC families performing the roles of caregivers, communication
partners, teachers, advocates, therapy coordinators and AAC
programmers (58). Our educators and clinicians were also
affected by a resource constraints, such that the time available for
training families and communication partners is dependent on a
family’s funding (NDIS or otherwise). Moreover, their own time
and ability to access resources to upskill and practice on devices are
tied to organizational decisions.

The fourth theme on User Engagement describes barriers to
effective AAC use when a child is dysregulated or prompt-
dependent — which was also found by Donato et al. (47). Parent-
carers in our study who find that their autistic children have a
prescribed use of AAC is consistent with research in families with
minimally verbal children with autism, where AAC use is primarily
transactional (e.g., food/drink requests; 33). Unexpectedly, our
educators and clinicians did not consider user engagement as a
barrier to AAC use, which contrasts with previous findings (e.g., 43,
59, 60), as well as our parent-carer experiences. This could be
explained by our earlier finding on autistic children’s lower
engagement in social communication versus their preference or
better performance in task-oriented communication and context-
bound routines. Educators and clinicians often interact with autistic
children within a structured program with goal-oriented tasks,
which autistic children typically perform better at/engage in more
(61), hence professionals in our study may not experience the user
(dis)engagement that parent-carers do.
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The fifth and final theme is on Device Fit for the user,
specifically physical or sensory mismatch, also found in other
studies (28, 59). A few parents and clinicians mentioned AAC
users eschewing their speech generating devices due to the identity
or pitch of the voice. Promisingly, AAC technology is developing,
where ‘voices’ can be customized using vocalizations from the user
combined with recordings of a matched-speech donor (62). To
prevent a family giving up on AAC altogether due to poor fit, it is
important that clinicians and service providers communicate clearly
with parents and educators that ‘finding the right fit’ is often an
ongoing process (50), and encourage them to be flexible and open-
minded when trialling AAC systems. Legislation on AAC access
and service providers should ideally support changing AAC needs
as circumstances and skills inevitably change. This may mean an
AAC user needs two different types of AAC concurrently, so they
have the freedom to swap to the communication method that works
for them in the moment (63).

To be used effectively, AACs also need to fit the main contexts
where they will be used daily, such as school. However, our parent-
carers reported their child getting less support in school if they had a
‘less supported” AAC system. Related to this, educators lamented the
lack of collaboration and communication when clinicians decide on
AAC fit. Such barriers can be eased by implementing an
interprofessional collaboration (IPC) framework (64), which is both
patient-centred and population-oriented. In IPC, problem solving is
shared at the community level to ensure appropriate access and fit to
services for autistic individuals. This may demand more time from
educators and clinicians — and could be constrained by limited
knowledge and professional boundaries - but is deserving of
additional time from employers and funding through government
bodies. Implementing ICP can ease the burden of care coordination for
caregivers by eliminating care silos. Clinicians who engage in shared
decision-making with schools are more knowledgeable about feasible
interventions within the constraints of a school setting (52), which
better supports the child with the AAC.

The comparative approach of our study highlighted common
experiences across the three stakeholder groups as well as
contrasting perspectives. These views can be used in future
training with the different stakeholders to help break down
boundaries and foster the connections needed to improve inter-
stakeholder collaboration. It is important to include AAC users
themselves in future studies, to further understand their views on
barriers in relation to their communication partners. It could also
be useful to extend on our findings through micro-ethnography of
AAC users with neurotypical peers. Future researchers should also
aim to recruit the voices of fathers, support workers and other
therapists who are also frequent communication partners.

Conclusion

While AAC use is beneficial in fostering communication in
minimally verbal and nonspeaking individuals, up to 50% of users
and families abandon or underuse their AAC. Our study explored
barriers to AAC use in different stakeholder groups and found that
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barriers fell into five themes: Stakeholder Knowledge, Stakeholder
Attitudes and Stigma, Resources, User Engagement, and Device Fit. By
employing a multi-stakeholder approach, we uncovered nuanced
differences between stakeholders in supporting autistic AAC users
and those with complex communication needs. Such insights are
useful in tailoring training to meet each stakeholder group’s needs to
better support an AAC user. Our findings are important for ongoing
Australian NDIS legislative amendments, specifically to improve access
to resources and training, and inter-agency collaboration.
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Autism spectrum disorder (ASDY) is a behaviorally defined syndrome encompassing
a markedly heterogeneous patient population. Many ASD subjects fail to respond
to the 1° line behavioral and pharmacological interventions, leaving parents to seek
out other treatment options. Evidence supports that neuroinflammation plays a
role in ASD pathogenesis. However, the underlying mechanisms likely vary for each
ASD patient, influenced by genetic, epigenetic, and environmental factors.
Although anti-inflammatory treatment measures, mainly based on metabolic
changes and oxidative stress, have provided promising results in some ASD
subjects, the use of such measures requires the careful selection of ASD subjects
based on clinical and laboratory findings. Recent progress in neuroscience and
molecular immunology has made it possible to allow re-purposing of currently
available anti-inflammatory medications, used for autoimmune and other chronic
inflammatory conditions, as treatment options for ASD subjects. On the other
hand, emerging anti-inflammatory medications, including biologic and gate-
keeper blockers, exert powerful anti-inflammatory effects on specific mediators
or signaling pathways. It will require both a keen understanding of the mechanisms
of action of such agents and the careful selection of ASD patients suitable for each
treatment. This review will attempt to summarize the use of anti-inflammatory
agents already used in targeting ASD patients, and then emerging anti-
inflammatory measures applicable for ASD subjects based on scientific rationale
and clinical trial data, if available. In our experience, some ASD patients were
treated under diagnoses of autoimmune/autoinflammatory conditions and/or
post-infectious neuroinflammation. However, there are little clinical trial data
specifically for ASD subjects. Therefore, these emerging immunomodulating
agents for potential use for ASD subjects will be discussed based on preclinical
data, case reports, or data generated in patients with other medical conditions. This
review will hopefully highlight the expanding scope of immunomodulating agents
for treating neuroinflammation in ASD subjects.

KEYWORDS

ASD (autism spectrum disorder), biologics, immunomodulating agents,
neuroinflammation, COVID-19 (coronavirus disease 2019)
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1 Introduction

ASD is a complex developmental disorder, mostly defined by
behavioral symptoms and its onset and progress is likely to be
affected by multiple genetic and environmental factors (1). Such
genetic and environmental factors likely vary in ASD subjects,
resulting in markedly heterogeneous patients that all fall under
the current diagnostic criteria of ASD. This makes it difficult to treat
ASD subjects with ‘one size fits all’ measures. It would be ideal if
tailor-made approaches based on each ASD subject’s genetic/
epigenetic/environmental conditions could be created. Instead,
the 1° line treatment measures for ASD are behavioral and
pharmacological interventions. However, these measures are not
universally effective. Primary care providers may be consulted by
frustrated parents regarding other treatment options which are
often promoted by practitioners of complementary and alternative
medicine (CAM). However, such CAM measures are often not
based on sound scientific rationale and rigorous clinical trials. In
contrast, treatment measures targeting specific molecules or
pathways of neuroinflammation may provide alternative
treatment options for some ASD subjects who are found to have
evidence of neuroinflammation associated with specific
mechanisms. This review will discuss anti-inflammatory measures
that have been tried or can be applied to ASD subjects based on
scientific rationale.

Inflammation has long been indicated in the pathogenesis of ASD
through multiple lines of evidence. Epidemiological studies have
indicated that maternal inflammation caused by infectious and non-
infectious triggers during pregnancy are associated with an increased
risk of ASD (2, 3). As direct evidence of neuroinflammation,
neuroglial activation in the presence of inflammatory mediators has
been shown in the brain of ASD subjects (4). Further analysis revealed
that maternal inflammation occurring in the 1% and 2™ trimesters has
a role in developmental impairment of offspring, irrespective of
triggering events (5, 6). Such findings led to the creation of one of
the most rigorously studied animal models of autism, maternal
immune activation (MIA). In this rodent model, maternal sterile
inflammation is induced by injection of endotoxin during the 2™
trimester, and this leads to ASD like developmental symptoms in
offspring later in life (1, 7). Such prolonged effects of maternal
inflammation not associated with specific pathogens is partly
explained by the reprogramming of innate immune responses. That
is, epigenetic changes following potent immune stimuli result in
persistent changes in innate immunity, referred as to innate
immune memory (IIM) (8-10) MIA may cause inflammation
skewed IIM, referred as to trained immunity (TT) (8, 10). In fact,
mal-adapted TI is implicated in the pathogenesis of numbers of
chronic neuropsychiatric conditions (8, 9). It has also been shown
that maternal derived interleukin-6 (IL-6) plays a key intermediary in
the MIA model (11). Further study revealed the importance of
placental IL-6 for the development of the fetal brain and subsequent
behavioral changes (12). These results indicate that maternal sterile
inflammation can cause profound and lasting effects on offspring.

Apart from MIA, cognitive development is known to be affected
by genetically altered immune responses prone to neuroinflammation.
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Gene variants associated with increased risk of ASD often cause
aberrant immune responses and subsequent inflammatory condition
(1). For example, variants of tuberous sclerosis complex 1 and 2
(TSC1/TSC2) are associated with inflammatory conditions caused by
aberrant activation of the mTOR (mammalian target of rapamycin)
pathway (13). ASD subjects are also characterized by a high frequency
of comorbid inflammatory conditions such as chronic GI
inflammation, which may also be indicative of inflammation prone
immune conditions (14-17).

If neuroinflammation does play a role in the pathogenesis of
ASD, questions may arise as to whether there is direct evidence of
neuroinflammation in the brain of these individuals, and if so, what
type of cells are contributing to neuroinflammation. Microglial cells
are one of the key innate immune cells in the brain, and they are
resident macrophages in the CNS. They are grossly classified as
either proinflammatory (M1) or anti-inflammatory alternatively
activated (M2) microglial cells, although they exhibit diverse
phenotypes (18). Embryogenic microglial cells, along with
astrocytes, are thought to play a crucial role in brain
development, regulating neurogenesis, neuronal migration, and
synaptic plasticity (19-21). Microglial cells also act as major
innate immune cells in the CNS throughout life, serving as a
sensor of the CNS microenvironment, and they are easily
activated by various stimuli (20). Such activated microglial cells
play a pivotal role in controlling infection, inflammation, and injury
in the CNS (19, 20). However, dysregulated activation of microglial
cells can cause chronic neuroinflammation. Bone marrow (BM)
derived macrophages can also infiltrate to the CNS under
conditions when the blood brain barrier (BBB) is impaired, and
can transform into BM derived microglial cells, exerting
proinflammatory actions (22). For example, a pathogenic role of
microglial cells is illustrated in Rett syndrome. MECP2 pathogenic
variants cause Rett syndrome which is characterized by progressive
developmental disorder and ASD behavioral symptoms. It has been
shown that loss of function (LOF) MECP2 pathogenic variants
cause dysregulated inflammatory responses of microglial cells,
partly due to both an increase in mitochondrial production of
reactive oxygen species (ROS) and a decrease in ATP production
(19, 23-25).

It is also of note that conditions affecting other organs can exert
significant effects on CNS inflammation in ASD patients. This may
be partly explained by the effects of BM derived microglial cells (22),
circulating mediators released by the affected organs, and stimuli
through the sensory nervous system. In fact, microglial cells in the
CNS are known to be affected by stimuli derived from other organs
(19-21). MIA induced developmental impairment are in part
attributed to the effects of maternally derived inflammatory
mediators that affect fetal brain cells, especially microglial cells
(1). The gut microbiome is also likely to affect brain development
through various mechanisms and its role in the pathogenesis of
neurodegenerative disease has been a focus of intense research (26).

The evidence that supports a role for neuroinflammation
mediated by innate immune cells in the brain, at least in some
ASD patients, are summarized as described above. However, in each
ASD individual, the mechanisms of neuroinflammation may vary
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depending on various genetic, epigenetic, and environmental factors
that affect development of the brain and the immune system.
Understanding the dynamic mechanisms of neuroinflammation
will help us apply anti-inflammatory measures as treatment options
for ASD patients. In the following section, anti-inflammatory
measures used for targeting ASD subjects, based on scientific
rationale and trial data, will be discussed first. Then, possible
application of other immunomodulating agents for treating ASD
subjects will be discussed. This will include emerging agents
developed recently for treating autoimmune/autoinflammatory and
other chronic inflammatory conditions. For these agents, secondary
to scant data of clinical trials in ASD subjects, discussion will be based
on pre-clinical data, case reports, results generated from use in other
medical conditions.

2 Metabolic factors associated with
neuroinflammation in ASD and
treatment measures targeting
metabolic changes or factors causing
such changes

2.1 Lipid metabolites and their
signaling pathways

1) COXI and COX2: Lipids are major components of the brain
and lipid metabolites act as regulatory molecules for both
brain development and homeostasis. Major lipid metabolites
that serve as lipid mediators are prostaglandins (PGs) and
leukotrienes (LT's) metabolized by arachidonic acid (AA) and
other unsaturated fatty acids by cyclooxygenases (COXs) and
lipoxygenases (LOXs), respectively (27). PGE2 signaling has
been known to play a role in brain morphogenesis (28, 29)
and impaired COX2/PEG2 signaling has been associated
with ASD pathogenesis in the MIA model (29, 30). The
COX pathway involves two rate limiting enzymes, COX-1
and COX-2. COX-1 is expressed constitutively in all the cells,
while COX-2 is induced by inflammatory mediators and
expressed mainly in the CNS, kidney, thymus, and
gastrointestinal (GI) tract (31). Both endotoxin which is
used for inducing MIA, and inflammatory mediators
generated in the MIA model (interleukin-188 (IL-18), IL-6,
tumor necrosis factor-o. (TNF-o), type linterferons (IFNs),
and AA), induce COX-2 (31, 32). In addition, evidence
suggests that COX-2 mediates N-methyl-D aspartate
(NMDA) neurotoxicity (33).

2) COX2 and ASD: In the previous studies that used peripheral
blood monocytes from ASD subjects, as surrogates of
microglial cells, increased production of the above-
described cytokines in response to innate immune stimuli
were observed (34). Such increases occur in ASD subjects
that have a history of fluctuating behavioral symptoms and
cognitive functioning following microbial infection (34).
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Interestingly, COX-2 and PGE2 were reported to be
elevated in plasma of ASD subjects along with lower
levels of o-synuclein (35). Therefore, blocking COX-2
may have the potential to attenuate neuroinflammation
and subsequent neuronal damage in ASD subjects. On the
other hand, up-regulation of COX-2 in the brain may be
neuroprotective, partly regulating blood flow in the brain
(31). It is of note that major adverse reactions associated
with COX-2 inhibitors are cardiovascular events (36).

Clinical trial data of COX-2 inhibitors in ASD subjects has been
scant. Only one randomized, double-blind, placebo-controlled trial
addressed the efficacy of celecoxib, a COX-2 inhibitor, on
behavioral symptoms in ASD subjects when celecoxib was given
as an adjuvant treatment for risperidone administered for 10 weeks;
behavioral symptoms were evaluated with the use of the aberrant
behavior checklist (ABC) (37). The authors report statistically
significant improvement in ABC subscales of irritability, lethargy,
and stereotypy (37). In the author’s clinic, attenuation of behavioral
symptoms by celecoxib, a COX2 inhibitor, were also observed
frequently when celecoxib was administered for controlling
exacerbation of ASD behavioral symptoms, following viral
syndromes, like influenza. Pioglitazone exerts various anti-
inflammatory effects including suppression of COX-2 expression
on microglial cells (38). Beneficial effects of pioglitazone have been
reported in traumatic brain injury (38). In one study, pioglitazone is
also reported to have attenuated ASD behavioral symptoms (39).

In summary, COX-2 inhibitors may be beneficial for ASD
subjects with evidence of COX2 activation, especially in the acute
and/or subacute stages. However, a caution is necessary for its long-
term use.

2.2 Tryptophan metabolism

1) Kynurenine pathway: Tryptophan is an essential amino acid
and a precursor of the metabolites that affect the
functioning of multiple organs, including the brain. In the
immune system, most tryptophan is mainly metabolized in
the kynurenine pathway (40, 41). Multiple cytokines
generated by innate immune responses including type 1
IFNs, IL-183, and TNF-0,, activate rate-limiting enzymes of
indoleamine 2,3-dioxygenases (IDO1/IDO2) in the
kynurenine pathway (40). Most cells including immune
cells express IDO1 and this enzyme often remains up-
regulated in chronic inflammation. Tryptophan depletion
caused by IDO activation and accumulation of kynurenine
pathway metabolites result in immunosuppression, partly
through facilitating induction of regulatory T (Treg) cells
(40-43). However, metabolites of the kynurenine pathway
can also cause toxic effects on the brain and such toxic
effects are implicated in the pathogenesis of
neuropsychiatric conditions such as schizophrenia (42).
Therefore, in the acute and subacute stages of
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neuroinflammation, modulating IDO activity may provide
protection against neuroinflammation.

2) Serotonin pathway: Another pathway of tryptophan
metabolism is the serotonin pathway, in which tryptophan
is metabolized to serotonin (5-hydroxytryptophan, 5-HT). 5-
HT is mainly produced by enterochromaffin cells in the gut,
but it is also produced in the brain (40, 42). 5-HT is then
metabolized to melatonin, a circadian hormone regulating
sleep (42). Serotonin produced in the gut conveys signals to
intestinal neurons, affecting various functions of the GI tract
(42). 5-HT production in the gut is greatly affected by the gut
microbiome (44). Both kynurenine and 5-HT pathways
compete each other, and subtle changes in tryptophan
metabolism are expected to affect the functions of
multiple organs.

3

~

Potential effects of maladapted IIM and Tryptophan
metabolism on neuroinflammation: Tryptophan metabolized
by IDO1/2 will be metabolized to kynurenic acid (KYNA),
which is thought to be neuroprotective, by exerting
antagonistic effects on NMDA. On the other hand,
quinolinic acid (QUIN), a down-stream metabolite
of KYNA, activates NMDA receptors (41, 45). QUIN
produced by microglial cells, is implicated in the
pathogenesis of neuropsychiatric diseases such as depression
(45, 46). In contrast, in the disorders of dopaminergic
transmission like schizophrenia, excessive KYNA may be
harmful, causing down-regulation of NMDAR signaling
(45). In addition, general immunosuppressive actions
exerted by activation of the kynurenine pathway may cause
chronic immunosuppression through facilitating
differentiation of Treg cells (42). Excessive actions of Treg
cells make subjects vulnerable to recurrent infection and more
susceptible to malignancy.

Changes in kynurenine pathway metabolites have also been
reported in those diagnosed with ASD. For example, increased
urinary concentrations of neurotoxic tryptophan metabolites were
reported in ASD subjects (47). Polymorphism of NMDAR subunits,
target molecules of kynurenine metabolites, have also been reported
in subjects with ASD (48), along with altered levels of other
tryptophan metabolites (49, 50).

High circulating levels of 5-HT, which essentially reflects 5-HT
produced in the gut and stored in platelets, have been reported in
about one third of ASD subjects (51). Changes in 5-HT levels may be
associated with changes in gut serotonin metabolism and/or changes
in clearance of 5-HT from both the liver and the lung (52). However,
associations between hyperserotonemia and characteristic ASD
behavioral symptoms have not been consistently shown (52).
Likewise, selective serotonin reuptake inhibitors (SSRIs) that inhibit
the actions of the serotonin reuptake transporter (SERT) do not exert
universally beneficial effects on those diagnosed with ASD. These
findings indicate that there are complex underlying mechanisms at
play. Interestingly, an analysis of principal pathogenetic components
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and biological endophenotypes including serotonin blood levels,
identified associations with immune dysfunction in ASD subjects
(53). In the same study population, the immune component provided
the largest contributions to phenotypic variance (54); these results
support the effects of the immune activation on serotonin metabolism
in ASD subjects. Notable findings from studies addressing changes in
serotonin metabolites in ASD subjects at molecular levels are

summarized below:

2.2.1 SERT polymorphism

Since tryptophan is a highly charged molecule, it requires SERT,
an active transporter, that brings 5-HT through cell membranes and
the transported 5-HT is then inactivated by monoamine oxidase
(18). The modulation of actions of SERT impacts the development
of the centric and enteric nervous systems (52, 55). The gene Slc6a4,
which encodes SERT, has been the focus of intensive research,
examining its association with the pathogenesis of common
neuropsychiatric conditions. A finding of a gain of function
(GOF) pathogenic variant of the SERT gene led to the
development of an animal model of ASD, ‘SERT Ala56 mouse’
(56). In this murine ASD model, the GOF SERT gene mutation
causes excessive activation of p38MAPK (57), and resultant hyper-
clearance of 5-HT and hyper-sensitivity to 5-HT receptors in the
nervous system (56). The GOF SERT mutation causes
hyperserotonemia as was observed in SERT knockout mice (55,
56). Altered levels of 5-HT in both the CNS and gut, have also been
reported in the MIA, a rodent model of autism (58). In ASD
subjects with frequent activation of innate immunity through
immune insults, changes in tryptophan metabolism are likely to
occur, affecting or exacerbating pre-existing neuropsychiatric
symptoms. This is partly because IL-1B and other inflammatory
cytokines generated by innate immune responses activate both
IDO1 and SERT (41, 42, 56, 57).

2.2.2 Effects of minocycline on
tryptophan metabolism

One of the immunomodulating agents that can affect the
kynurenine pathway is minocycline. This second-generation
tetracycline antibiotic exerts anti-inflammatory and immunoregulatory
actions partly through suppressing cytokine production and
microglial cell activation. Minocycline’s unique neuroprotective
effects have been partly attributed to its direct suppression of
IDOL1 in the presence of retinoic acid (vitamin A): IDO inhibition
by minocycline results in reduced productions of neurotoxic
tryptophan metabolites (59). The neuroprotective effects of
minocycline are also thought to be associated with its inhibitory
effects on GSK3f3 (60). Neuroprotective effects of minocycline are
best demonstrated in neuroinflammation caused by reperfusion
injury (61). In the animal model of white matter disease induced by
intracerebral hemorrhage, protective effects of minocycline are
attributed to its suppressive action on MAPK signaling mediated
by TGF-83 (62). Neuroprotective effects of minocycline has also been
shown to improve stress-induced behavioral changes (60).
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Although the effects of minocycline appear promising in animal
models and in other medical conditions, the therapeutic effects of
minocycline on ASD have not been consistently shown. Recent
meta-analysis of minocycline as treatment for neuropsychiatric
conditions revealed beneficial effects of minocycline on
schizophrenia, favoring its use as an adjunctive treatment (63). As
for ASD, only one randomized, double-blind, placebo-controlled
trial of minocycline evaluated its effects as an adjunctive treatment
to risperidone (64). In this study, 46 medication-naive ASD
children were treated for 10 weeks with risperidone plus placebo
or risperidone plus minocycline (N=23 in each group). Authors
reported significant improvement in scores of ABC hyperactivity
and irritability subscales, but no effect on inappropriate speech,
lethargy, and stereotypy ABC subscales (64).

The above-described findings on the use of minocycline may be
partly attributed to the complex effects that multiple genetic and
environmental factors have on tryptophan metabolism. It is also
possible that prolonged use of minocycline may block the
immunosuppressive effects of tryptophan metabolites of KYNA
and Treg cells, subsequently increasing the risk of autoimmune
conditions. Minocycline may be effective for specific conditions
when intricate homeostasis of tryptophan metabolites is impaired,
resulting in worsening toxic effects of kynurenine metabolites.
Careful selection of ASD subjects will be required for applying
minocycline as a treatment option for ASD subjects.

2.3 PI3K/Akt/mTOR signaling pathway

Pathogenic variants of multiple genes are known to impose a
significant risk for developing ASD and are often associated with
regulation of the signaling pathways. Hyperactivation of PI3K
(phosphatidylinositol 3 kinase)/Akt (protein kinase B)/mTOR
pathway is one of such pathways affected by ASD pathogenic
variants (65). This pathway has been shown to exert a crucial role in
brain development including corticogenesis and synaptogenesis (65).

1) PI3K/Akt/mTOR pathway: mTOR is expressed ubiquitously
in all cells as two types of mTOR complexes (mTORCI and
mTORC2) and it plays a major role in cell proliferation and
activation. Activation of mTORCI leads to inhibition of
autophagy and Treg cell differentiation (65, 66). mTORCI
responds to signals from nutrients, metabolites and growth
factors and it controls cellular functions including energy
metabolism and autophagy (66). mTORC2 is positively
regulated by the TSC1/2 (tuberous sclerosis complex 1 and
2) and up-stream PI3K signaling. mTORCI is positively
regulated by Akt, and the Akt phosphorylation by mTORC2
result in activation of mTORCI. Such complex interactions
are essential for brain morphogenesis, synaptic plasticity, and
neuronal regeneration. Therefore, pathogenic variants of
genes coding for proteins associated with the PI3K/Akt/
mTOR pathway cause various neuropsychiatric and
neurodegenerative conditions (66). In addition, activation
of this pathway is implicated in the pathogenesis of epilepsy,
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as typically seen in patients diagnosed with tuberous sclerosis
(TS) (67).

2) ASD phenotype and mTOR signaling pathway: Previous
genetic studies for detecting candidate genes associated
with ASD risk have identified several genes that are
associated with PI-3K/Akt/mTOR signaling pathway; these
include FMR1, PTEN, TSC1, and TSC2 (68). This is not
surprising, since patients with pathogenic variants of these
genes exhibit ASD phenotypes at high frequency (65).
Additional evidence of the role of the PI-3K/Akt/mTOR
pathway in ASD pathogenesis has emerged in the murine
model of ASD generated by fetal exposure to valproic acid. In
this model, multiple mechanisms appear to be involved for
the development of the ASD phenotype (69). Involvement of
the PI-3K/Akt/mTOR pathway is supported by the finding of
improved behavioral symptoms with post-natal
administration of rapamycin, an mTOR blocker that
predominantly blocks mTORC1 (70). This protective
action of rapamycin is partly attributed to prevention of
impaired autophagy caused by the over-activation of the PI-
3K/Akt/mTOR signaling (70). Others also reported a
possible link between the increase in plasma levels of CCL5
(chemokine C-C motif ligand 5) in ASD subjects and
activation of the mTOR signaling pathway (71).

The above-described findings may indicate that it is feasible to
apply mTOR inhibitors in controlling ASD symptoms. However,
mTOR inhibitors exert significant immunosuppressive actions and
may not be readily applicable to general ASD population. Current
available reports focus on its use in controlling seizure activity and
other neurological manifestation in patients who are identified to
carry pathogenic variants of TSC and PTEN (67, 72-74). The
author reported one ASD case with treatment-resistant seizures
for whom sirolimus (rapamycin) was successfully used as an
adjunctive treatment to IVIg and anakinra for seizure control
(75). In summary, mTOR inhibitors likely have a role in a subset
of ASD subjects with identified genetic variants associated with PI-
3K/Akt/mTOR signaling pathway and those with specific
conditions such as treatment-resistant seizures.

It is also of note, that activation of the PI-3K/Akt/mTOR
signaling pathway will impair differentiation of Treg cells as well as
autophagy. In such conditions, agents that help recovering
autophagic deficiency will provide therapeutic effects. One of such
agents is N-acetylcysteine (NAC). NAC has been used as an
inexpensive dietary supplements for treating glutathione deficiency
associated with multiple medical conditions, by improving
glutamatergic neurotransmission through glutathione synthesis
(76). In addition, NAC is reported to improve autism like behavior
by recovering autophagic deficiency and decreasing Notch-1/Hes-1
pathway activity in rodent models (77). Potential therapeutic effects
on NAC on ASD behavioral symptoms (irritability and hyperactivity)
have been shown by the recent meta-analysis of randomized
controlled trials (8-12 weeks trials) (78) Therefore, NAC may be
safely tried in ASD patients with evidence of activation of PI-3K/Akt/
mTOR signaling pathway as an adjunct treatment.
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2.4 Microbiome

In the previous sections, we have discussed the possible roles
played by lipid metabolites, tryptophan metabolites, and mTOR
signaling activation, in association with neuroinflammation
observed in ASD. One factor that may affect all the above-
described metabolisms and signaling pathways is the microbiome.
Bidirectional communications between the CNS and gut
microbiota, often referred as to gut-brain axis, have been studied
extensively. Evidence supports a role for the microbiota in the
pathogenesis of common neurodevelopmental disorders, including
ASD (26). A role of microbiome in neurodevelopmental conditions
has been reviewed by many others (79-82). Known key roles that
microbiome plays in neuronal development in association with

ASD pathogenesis are summarized below:

1) The role of microbiota in brain development: The role of
microbiota in brain development has been extensively
studied in the germ-free mice. Evidence supports its role
in multiple neurodevelopmental processes that include
maturation and functioning of microglial cells (83, 84).
Microbiota implicated in the pathogenesis of impaired
growth in preterm newborns were shown to cause up-
regulation of markers of neuroinflammation in germ-free
mice (85).

2) The role of microbiome metabolites on the Gut-Brain Axis:
The gut microbiome produces various metabolites that not
only affect the development of the gut immune system, but
also affect the Gut-Brain Axis. For example, indigestible
oligosaccharides are fermented in the colon, resulting in
production of short chain fatty acids (SCFAs) which affect
homeostasis of the Gut-Brain Axis (26, 86). This action is
partly exerted through modulating tryptophan metabolism
(44). Namely, the microbiome in the gut metabolizes
tryptophan to tryptamine, indole, and indol-3-proprionic
acid (IPA), and all these metabolites exert either activating
or inhibitory actions on aryl hydrocarbon receptors (AHRs)
(44), subsequently affecting the gut immune system, and
the gut-brain axis.

3) Abnormalities in the gut microbiome and their effects on the
brain in ASD: It has been shown that GI symptoms are one
of the most common comorbid conditions, which is partly
attributed to dysbiosis, as reviewed elsewhere (87). Changes
in the gut microbiome in ASD subjects has been repeatedly
shown by multiple authors (82). One study showed that
transplanting gut microbiota from ASD patients to the
germ-free mice induced ASD like behavioral symptoms
(88). Butyrate (BT) is one of the major components of
SCFAs. BT is thought to be neuroprotective, partly through
suppressing inflammatory responses in the macrophage
lineage cells in the gut (26). One study showed that
bacterial taxa producing BT are lower in ASD subjects
than controls (89). Others also reported that 4-
ethylphenylsulfate (4-EPS), a toxic metabolite of the gut
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microbiota, which has been implicated in the pathogenesis
of ASD behavioral symptoms, was high in the MIA model, a
rodent model of autism (90). This was normalized by
colonization of Bacteroides Fragilis (90). SCFAs are also
known to affect the metabolism of tryptophan and will
further affect the brain when an imbalance of SCFAs
develop due to dysbiosis (87). In ASD subjects, reduced
biodiversity of the microbiota has been reported which may
be associated with SCFAs such as propionic acid in the gut
(91, 92). Propionic acid has been implicated in the ASD
pathogenesis with creation of the rat model of autism as a
propionic acid-induced autism (93). In fact, both
propionate and butyrate are known to modify the
expression of numerous genes in neuronal cells and will
impact their functions (94, 95).

'S
f

Intestinal Barrier Dysfunction and the Microbiota-Gut-
Brain-Axis: ASD subjects may be more easily affected by
the changes in the gut microbiome secondary to their
increased gut permeability, allowing increased flux of
chemical mediators and even inflammatory cells from the
gut (80). Based on findings in the propionic acid-induced
animal model of autism, increased gut permeability is
attributed to worsening ASD symptoms in certain
conditions (96). Previous study also reported increase in
the gut permeability at a higher frequency in ASD subjects
than neurotypical controls (97).

As summarized above, abnormalities in the gut microbiome
have been widely recognized in ASD. However, the treatment
options to correct such abnormalities of microbiome have not
been extensively tested. The study results may also be affected by
marked heterogeneity of ASD subjects. The recent meta-analysis of
the use of probiotics revealed overall favorable responses to
probiotics in ASD subjects, but these data are generated in the
studies with small numbers of subjects (82). It may be promising,
but more information is needed to better understand which
commensal floras are more beneficial and can aid in controlling
ASD behavioral symptoms. The studies addressing effects of
prebiotics, synbiotics, and a combination of prebiotics, probiotics,
and synbiotics, yielded mixed and inconclusive results by recent
meta-analysis (82). Likewise, butyrate, one of SCFAs, is reported to
have anti-inflammatory and neuroprotective effects in animal
models in BTBR mice (98) and the rat MIA model induced by
maternal injection of LPS (99). However, there are no clinical trials
of butyrate that have reproduced the favorable effects of butyrate
seen in the preclinical data regarding ASD subjects.

The use of fecal microbiota transplant (FMT) for correcting
dysbiosis in ASD patients has recently begun. Recent studies of
FMT have yielded promising results: Kang, et al. reported
improvement of GI symptoms and ASD behavioral symptoms
following treatment of FMT for 8 weeks in 80% of participants
(100). The same group also reported that in the follow-up of the 18
participants who were responsive to the FMT, improvement of GI
and behavioral symptoms was maintained in most of the subjects
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for 2 years after the completion of the FMT (101). Similar beneficial
effects of EMT have also been reported by another group (102). The
recent review of meta-analysis reported significant improvement in
ABC as well as Child Autism Rating Scale scores following FMT
(103), FMT may provide another treatment option in ASD subjects
who exhibit evidence of chronic GI inflammation. However, it is
also of note that in the published studies, ASD subjects with other
notable co-morbid conditions such as seizure disorders have been
excluded in these studies. However, in epilepsy, a potential effect of
gut microbiome has been suspected (104). Epilepsy has become a
major co-morbid condition in older ASD children and young adults
suffering from ASD. FMT may eventually be expanded for treating
ASD subjects with other serious co-morbid conditions associated
with CNS inflammation such as seizures.

3 Immunomodulating agents utilized
for autoimmune/autoinflammatory
and post-infectious encephalopathy —
potential applications to ASD subjects

Recently, more and more immunomodulating agents have been
used for controlling neuroinflammation associated with autoimmune/
autoinflammatory and/or chronic inflammatory conditions. Some of
these agents have been used in ASD subjects under diagnosis of
autoimmune and autoinflammatory conditions. However, except for
corticosteroids and intravenous immunoglobulin (IVIg), most of these
agents are not specifically used for targeting ASD subjects. In this
section, immunomodulating agents that could be potentially applied
for controlling neuroinflammation in ASD subjects will be discussed.
The effects of corticosteroids and IVIg will be discussed first, since
published studies for treating ASD subjects are available. Then other
immunomodulating agents that have been used for controlling
neuroinflammation in various conditions, but not specifically
used for ASD subjects will be discussed. ASD subjects referred to
the author’s clinic have often been treated with these agents by
other providers under diagnoses of various conditions. These
include autoimmune encephalitis (AE), pediatric acute-onset
neuropsychiatric syndrome (PANS), pediatric acute neuropsychiatric
disorders associated with Streptococcal infection (PANDAS), and
post-infectious inflammation associated with COVID-19, which is
commonly referred as to long COVID. Since newly emerging
immunomodulating agents exert potent actions with the possibility
of even more hazardous side effects than described in the previous
section, it will be necessary for clinicians to understand the underlying
mechanisms of action and scientific rationale for their use.
Nevertheless, it should be noted that these additional treatment
options will be welcome to those ASD subjects who have difficulty
in responding to the treatment measures described in section 2.

3.1 Corticosteroids

Corticosteroids (CS) have been used in numerous autoimmune
and inflammatory conditions including conditions described in the
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previous paragraph. They exerts a wide variety of anti-
inflammatory and immunosuppressive actions (105). Although
CS provide quick symptomatic relief in autoimmune and
inflammatory conditions, they are typically used in the initial
stage aiming for inducing remission, secondary to significant side
effects (105). CS have also been used for treating various psychiatric
disorders associated with neuroinflammation (106). CS play pivotal
roles in the stress responses mediated by the hypothalamic pituitary
adrenal (HPA) axis. In some ASD subjects, altered or impaired
function of the HPA axis has been reported (106, 107). Therefore, in
certain conditions, CS may provide some therapeutic effects in
ASD subjects.

There are two reports of randomized, placebo-controlled trials
of CS on small numbers of ASD subjects. One study (108) tried 1
mg/kg/day prednisolone for 12 weeks as an add-on treatment to
risperidone in 37 ASD subjects (single blinded): the authors report
improvement of ABC subscale scores (irritability, hyperactivity,
lethargy, and stereotypy) (108). Another study (109) used 1 mg/kg/
dose prednisolone for 24 weeks and tapering oft over 9 weeks (N=20
in the placebo group and N=18 in the trial group); authors report
significant improvement of language scores in ASD subjects treated
with prednisolone (109). However, in these studies, there was no
careful evaluation for components of neuroinflammation in the
ASD study subjects. Various case reports or case series reported
some benefits of CS. However, CS is also known to cause significant
short-term and long-term side effects. One of the concerning side
effects of CS in ASD subjects is psychomotor agitation, often
manifested as mood swings, especially with a high dose of CS
(105). Therefore, CS may be a suitable measure for acute care,
controlling the initial stage and/or acute exacerbation
of neuroinflammation.

3.2 Intravenous immunoglobulin

In addition to providing functional antibodies, IVIg exerts a
wide range of immunoregulatory actions, and has been used for
treating autoimmune and post-infectious inflammatory conditions
involving the CNS and/or peripheral nervous system. Such
neurological conditions treated by IVIg include Guillain-Barre
syndrome (GBS), chronic inflammatory demyelinating
polyneuropathy (CIDP), AE, and PANS/PANDAS.

1) Effects of IVIg on innate immunity: A part of the anti-
inflammatory effects of IVIg has been attributed to
antibodies interacting with the activated form of
complement 3 (C3b), blocking downstream cascade of
complement activation, thereby inhibiting complement
mediated inflammatory processes. This action of IVIg was
shown to have prevented neuronal cell death in an animal
model of stroke (110). IVIg is also known to inhibit the
activation of innate immune cells [macrophage/monocyte
lineage cells and dendritic cells (DCs)] through induction of
Fas-mediated apoptosis and triggering the production of
counter-regulatory cytokines. In addition, IVIg contains
neutralizing antibodies that bind to cytokines produced by
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innate immune cells (111). It also modifies both activating
and inhibitory signaling through Fcy receptors (111). Such
effects of IVIg on Fcy receptors are attributed to 0.2,6-sialic
acid portion of immunoglobulins that exert actions via the
DC-SIGN signaling in murine models (112, 113). However,
it is unclear whether the same actions take place in human
cells. IVIg has also been shown to suppress B cell activation/
proliferation by agonistic binding to inhibitory cell surface
receptors on B cells (111). Antibodies contained in IVIg
have also been shown to directly neutralize pathogenic
autoantibodies (111).

2) Effects of IVIg on adaptive immunity: IVIg has been shown
to exert a regulatory effect on the balance on Treg and
inflammatory-prone, type 17 T-helper (Th17) cell
differentiation and function. In Kawasaki disease (KD) for
which IVIg serves as the 1% line treatment measure, IVIg
promotes Treg cell function/differentiation and suppresses
the production of inflammatory cytokines by Th17 cells
(114, 115). Effects of IVIg on the balance of Th1/Th17 and
Treg cells has been reported in GBS and CIDP patients, as
well (116, 117).

IVIg is reported to exert actions on many other immune cells,
including neutrophils and NK cells. However, the actions of IVIg may
vary depending on donor pool and how the product was prepared.
This makes it difficult to assess the effects of IVIg on ASD subjects,
whose degrees of neuroinflammation may also vary. Previous studies
assessing the effects of IVIg on ASD children reveled mixed results
(118, 119). In one double-blind, placebo-controlled crossover study,
12 ASD subjects without known immunodeficiency were given a
single dose of IVIg. Authors report no improvement of clinical ratings
as compared to controls treated with placebo (120). On the other
hand, in 31 ASD children treated under diagnosis of AE, authors
reported modest, but statistically significant improvement in subscale
scores of ABC and SRS (social responsiveness scores) (121). In this
study, AE diagnosis appears not based on the standard measures for
seropositive AE. Instead, ASD subjects were recommended to have
IVIg treatment, based on positive non-specific inflammatory markers.
These results indicates that IVIg may be a feasible option for ASD
subjects with clear evidence of antibody deficiency and/or evidence of
immune-dysregulatory conditions that have been shown to benefit
from the immunoregulatory actions of IVIg.

3.3 B cell targeted therapy

1) Rituximab (B cell ablation therapy): AE is a rare autoimmune
condition affecting the CNS through the production on
autoantibodies that attack neuronal cells (seropositive AE)
and/or through cell mediated immunity (seronegative AE).
AE is rare in all age groups and clinical presentation may
vary markedly. In addition, presenting symptoms may
overlap ASD behavioral symptoms. AE was initially
reported in patients with antibodies against the NMDA

Frontiers in Psychiatry

122

10.3389/fpsyt.2024.1333717

receptor, which remains the leading cause of AE (122).
Onset of AE symptoms may be rapid. However, in some
cases, AE symptoms can be subtle and may have symptoms
such as developmental regression, resembling developmental
issues often seen in ASD (123). AE diagnosis requires
extensive neuroimaging, analysis of cerebrospinal fluid
(CSF) including autoantibodies associated with AE, and
electroencephalogram (EEG) to support AE diagnosis. The
possibility of misdiagnosing someone with AE with ASD
exists, since there may be common underlying mechanisms
associated with both AE and ASD (123). In addition to the
agents commonly used to control the acute stage (steroid,
plasmapheresis, and IVIg), other immunomodulating agents
have been utilized to achieve long-term remission in AE.
Rituximab has been frequently used as the 2" line treatment
measure for this purpose (124).

Rituximab is a chimeric monoclonal antibody targeting
CD20 which is expressed predominantly on mature B cells.
The therapeutic effects of rituximab are attributed to the
deletion of antibody producing memory B cells, and also
prevention on generation of new plasma cells (125). Long
lived mature plasma cells which does not express CD20 will
keep producing autoantibodies, so that autoantibody
production, albeit low in degree, is expected to continue in
AE patients (125, 126). Repopulation of deleted B lineage
cells is reported to start to occur 26 weeks after the initial
treatment (127). Thus, rituximab is typically given every 6
months in AE patients (127). Rituximab has also been used
for treating refractory patients with PANDAS/PANS in select
cases (128, 129). However, no double blinded, placebo-
controlled trials have been reported in AE or PANS/
PANDAS subjects. In the author’s experience, there are
ASD subjects treated with rituximab under diagnosis of
AE, PANS, or PANDAS by other providers, but their
responses appear to be mixed. Rituximab use may be
limited to ASD patients for whom there is clear-cut
evidence that autoantibodies or autoreactive B cells play a
role in their comorbid medical conditions.

2) Tocilizumab: In AE patients without detectable autoantibodies

(seronegative AE) or refractory to B cell targeted treatments,
other immunomodulating agents that target other pathways
have been tried. Blockers targeting IL-6 signaling have been
used for treating AE, especially seronegative AE (130).
Tocilizumab is a humanized monoclonal antibody (mAb)
that targets soluble, and membrane attached IL-6 receptors
(IL-6R) (130, 131). It blocks the function of IL-6, a pleotropic
cytokine, that affects not only B cell differentiation, but also
affects the function of T cells and innate immune cells (131).
In a cohort study conducted at a single institution,
tocilizumab was reported to have favorable effects in
patients diagnosed with AE and refractory to rituximab
(132). The same group reported better outcomes (better
modified ranking scales) in the escalation treatment using
tocilizumab, compared to controls: 60 out of 80 AE patients
that were included in this study were categorized as
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seronegative AE (133). It is unclear whether any reported
studies included ASD subjects. Currently, no published data
exists regarding trials of tocilizumab in ASD subjects
diagnosed with AE or other autoimmune conditions. Our
clinic has experienced some ASD subjects treated with
tocilizumab elsewhere, but their responses appear to be
mixed. It is unclear at this time which ASD subjects, if any,
would benefit from tocilizumab, in the absence of
good biomarkers.

3.4 Biologics and blockers of
inflammasome signaling pathway

As blockers of inflammasome, colchicine and anakinra, IL-188
blocker, have been extensively used for controlling autoinflammatory
syndromes caused by pathogenic gene variants that render
dysregulation inflammasome activation (134, 135). Colchicine and
anakinra have also been used for treating multiple autoimmune and
autoinflammatory conditions. Activation of innate immunity is often
associated with activation of inflammasome signaling pathways and
blockers of inflammasome may thus provide additional therapeutic
options for ASD subjects who have evidence of innate immune
abnormalities. Therapeutic utility of inflammasome blockers
(colchicine and anakinra) have also been illustrated in patients with
long COVID (136-139), since activation of type 1 IFN signaling
pathway by sars-cov-2 leads to inflammasome activation (140). These
agents are readily applicable for treating ASD subjects suffering from
long COVID. Indeed, the author also observed favorable effects of
colchicine and anakinra in ASD subjects suffering from long COVID
in the author’s clinic. The therapeutic actions of colchicine and
anakinra are summarized below:

1) Colchicine - an old medication for autoinflammatory
conditions: Colchicine is known to affect the actions of
tubulins, which play key roles in chemotaxis and
phagocytosis of innate immune cells (136). It also inhibits
NLRP3, and subsequently blocks IL-188 induced
inflammasome activation and production of TNF-o. and IL-
6 (141, 142). Colchicine’s action on neutrophils also inhibits
neutrophil-platelet interactions, preventing thrombosis
triggered by neutrophilic inflammation (142, 143). Given
these actions, colchicine, an established medication
commonly used for autoimmune/autoinflammatory
conditions, is expected to be useful for controlling
neutrophilic inflammation triggered by Th17 cells and/or
innate immune cells. Since colchicine is a strong inhibitor
of P450 3A4, it is necessary to evaluate all drugs that patients
are already on for possible drug-interactions. Nevertheless,
the above-described actions of colchicine appear promising
for controlling COVID-19 induced neuroinflammation.
Indeed, several studies reported decreased mortality in
severe COVID-19 cases with the use of colchicine (136,
144). However, the current published reports of colchicine
focus on its effects on cardiovascular conditions associated
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with long COVID, and little information is available
regarding its actions on neuropsychiatric symptoms. The
author has experienced favorable effects with the use of
colchicine in ASD subjects suffering from long COVID,
with improvement in behavioral symptoms shown by the
ABC (145). However, at this time, there is no published data
of a trial of colchicine in ASD subjects, with or without
long COVID.

2) Anakinra: Anakinra, a soluble IL-1 receptor antagonist (IL-
1Ra), is a recombinant product of human IL-1ra. It has been
used for treating various autoimmune and autoinflammatory
conditions (146). Following the COVID-19 pandemic, IL-18
has been shown to be a key cytokine, causing cytokine storm
and subsequent hyper-immune activation in severe COVID-
19 cases (137, 139). These findings indicate that there is utility
of anakinra for treating long COVID. One study reported
marked increase in spontaneous production of IL-1f3 from
NLRP3 inflammasome in severe COVID-19 cases and
subsequent favorable responses to anakinra (138). IL-183 is
also implicated in the pathogenesis of epilepsy associated with
neuroinflammation and this prompted the use of anakinra for
treatment of refractory seizure disorders, since anakinra is a
small molecule that can pass through the intact blood brain
barrier (BBB) (147, 148). The author has experienced favorable
effects with anakinra in patients with refractory seizure
disorder as an adjunctive treatment (75). IL-18 has also been
implicated in the pathogenesis of MIA, as described in the
Introduction section. In animal models of chorioamnionitis
induced by Group B streptococcal infection, neurobehavioral
impairment was attenuated by an IL-1f} blockade by anakinra
(149). Anakinra may be a reasonable therapeutic option for
ASD subjects suffering from refractory seizures, long COVID,
and autoinflammatory conditions refractory to the 1%
intervention measures.

3.5 Blockers of mTOR pathways

As described earlier, candidate genes implicated in the
pathogenesis of ASD include those associated with PI-3K/Akt/
mTOR signaling pathway (65, 66). Importance of this signaling
pathway was illustrated in patients with TS, and mTOR inhibitors
have been used for controlling refractory seizures in TS patients (67).
Given the proposed roles of the PI-3K/Akt/mTOR signaling pathway
in ASD pathogenesis, mTOR inhibitors may also have favorable
effects on neurodevelopment or cognitive functioning. In the rodent
model of haplo-insufficient TS complex (TSC), everolimus, a mTOR
inhibitor that was developed for TS seizure control, was reported to
have attenuated impairment of social deficits (150). Such favorable
effects of mTOR inhibitors were also shown in the rodent model of
ASD created by silencing the Cntnap2 gene, thereby causing
hyperactivation of the Akt-mTOR signaling (151).

Hyperactivation of PI-3K/Akt/mTOR signaling pathway has
also been reported in patients with COVID-19. Blockers of this
signaling pathway has also been proposed as possible therapeutic
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options for severe COVID-19 (152). It was proposed that mTOR
inhibitor can exert favorable therapeutic effects on severe COVID-
19 patients by augmenting autophagy along with inhibiting viral
replication (153, 154). However, at this time, there is no clinical
trials of mTOR inhibitors in ASD subjects without identified
mutations of PI-3K/Akt/mTOR pathway. In ASD subjects with
clear evidence of hyperactivation of this signaling pathway and/or
in those with long COVID refractory to other measures, inhibitors
targeting this pathway may provide an additional treatment option
(155, 156). Likewise, there are no data of a trial of mTOR inhibitors
in ASD subjects without pathogenic mutations of PI-3K/Akt/
mTOR pathways. ASD with treatment resistant seizures may
benefit from the use of mTOR inhibitors.

3.6 Blockers of type 1 IFN signaling and
downstream signaling

As summarized in the introduction section, epigenetic changes
in innate immunity can cause prolonged effects, which are now
referred as to IIM (8, 157). Previous studies reported by the author
and her colleagues revealed evidence of on-going innate immune
abnormalities associated with altered IIM in some ASD subjects
(158-160). One of the innate immune pathways triggered by
various viruses including sars-cov-2 is the type 1 IFN signaling
pathways. Induction of dysregulated IIM by SARS-CoV-2 may
partly explain the long term sequelae of long COVID (161).

Patients with primary immunodeficiency caused by excessive
production of type 1 IFNs called as interferonopathies, present with
autoinflammatory and subsequent autoimmune conditions (162).
These patients frequently present with neuropsychiatric symptoms.
Long COVID patients often reveal neuropsychiatric symptoms and
neurological deficits (163, 164). In animal models of long COVID,
persistent neuroinflammation has been shown to affect multiple
neuronal cells, including microglial cells which appear to play a
crucial role in COVID induced persistent neuroinflammation (164,
165). AE like symptoms associated with COVID-19 have also been
reported (166, 167). In these patients described above,
neuroinflammation is expected to be better managed by
immunomodulating agents that target signaling pathways activated
by type 1 IFNs. It is also of note that type 1 signaling pathways and
resultant Th17 cell activation have been implicated in the
pathogenesis of various autoimmune conditions as seen in patients
diagnosed with interferonopathies (162). Key down-stream signaling
molecules in this pathway are Janus kinases (JAK). In fact, JAK
inhibitors have emerged for controlling the above described
autoimmune/autoinflammatory conditions triggered by type 1 IFN
signaling (168, 169). In this section, JAK inhibitors and Th17 cell
targeted treatment measures will be discussed.

1) JAK inhibitors: Janus kinases (JAKs) act as signal transducers
and 4 mammalian members are identified: JAK1, JAK2,
JAK3, and TYK2 (170, 171). All JAKs, except for JAK3,
which is expressed only in hematopoietic and lymphoid cells,
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are expressed ubiquitously, and play a crucial role in the
JAK-STAT (signal transducers and activators of the
transcription) pathways (171). The JAK-STAT pathway
transduces signaling from multiple cytokine receptors.
JAK3 mediates signals from type 1 cytokines and
thus deficiency of JAK3 lead to severe combined
immunodeficiency (SCID) (172). On the other hand,
dysregulated activation of the JAK-STAT pathway will lead
to chronic inflammatory conditions, implicated in
autoimmune, allergic, and autoinflammatory conditions
(173). In patients with interferonopathies, type 1 IFN
signaling involving JAK1/JAK2 may be therapeutic targets
for these patients (162). Likewise, cytokines noted to be up-
regulated in patients with severe COVID-19 utilize the JAK/
STAT pathway and levels of these cytokines are reported to
be positively associated with the disease outcome/mortality
of COVID-19 (174). Therefore, JAK inhibitors have been
used for treating COVID-19 as well (170).

Baricitinib, a JAK1/JAK2 inhibitor, has been used for
treating severe COVID-19 cases requiring hospitalization.
In a randomized, double-blind, placebo-controlled trial for
severe COVID-19 patients, baricitinib was reported to have
caused less adverse reactions when used as an adjunctive
therapy to remdesivir and dexamethasone (175). Multiple
open-label studies have also reported beneficial effects of
baricitinib for treating severe COVID-19 (176). Similar
beneficial effects of tofacitinib, a JAK3/1 inhibitor, was
reported in severe COVID-19 cases (177, 178). Beneficial
effects of ruxolitinib, a JAK1/2 inhibitor, have also been
reported in severe COVID-19 cases (179). With the
increase in reports of the favorable effects of baricitinib,
FDA issued the EUA (emergency use authorization) for its
use as an adjunct treatment with remdesivir for the
treatment of hospitalized COVID-19 patients older than 2
years of age. Newly available JAK1/2 inhibitors
(upadacitinib and abrocitinib) may even be more effective
for controlling type 1 IFN induced immune activation
(180, 181).

There are no reports of clinical trials of JAK inhibitors in
ASD patients. In ASD subjects with pre-existing
immunodysregulatory conditions involving the JAK/
STAT pathways, JAK inhibitor may provide an additional
treatment option for controlling neuropsychiatric
symptoms, especially in those suffering from long
COVID. Oral intake and the acceptable safety profiles of
JAK inhibitors may make it an easier option for ASD
subjects (168, 169).

Thi17 cell targeted therapy: Type 17 T-helper (Th17) cells
differentiate from pluripotent T cells through induction of
Th17 specific transcription factor RORyt (RAR related
orphan receptor-yt) which signals through the STAT3/
JAK3 pathway, rendering Th17 cell differentiation in the
presence of IL-1f, IL-6 and TGF-ff (182). RORyt
augments expression of IL-17 and IL-23 receptors and
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IL-23 produced by innate immune cells binds to IL-23R,
further augmenting induction of RORyt and IL-17 (183).
Although IL-23 does not induce Th17 differentiation, it
stabilizes Th17 cells. Th17 cells are known to exert a major
defense against fungal pathogens through activation of
neutrophils, but dysregulation of IL-23/IL-17 axis has
been implicated in the pathogenesis of various
autoimmune and inflammatory conditions (184, 185).
Immunomodulating agents targeting the IL-17/IL-23
axis have been successfully used for treating multiple
autoimmune conditions (185).

After the onset of the COVID-19 pandemic, marked
activation of the IL-17/IL-23 axis following COVID-19
has become also apparent (186-189). This may also be
the results of an imbalance in regulatory T (Treg) and Th17
cells during the acute stage of COVID-19 as well as in long
COVID (190). Restoring the Treg/Th17 balance with the
use of a Treg cell inducing cytokine (IL-2) or IL-17
inhibitors may be a possible treatment option for long
COVID patients (190). There are report of increase in
serum levels of IL-17 along with IL-2 in long COVID
patients (191). JAK inhibitors inhibit STAT mediated
signaling of IL-17 inducing cytokines, as well as Th17
produced cytokines. Therefore, JAK inhibitors may also
exert beneficial effects by suppressing Th17 differentiation/
functions in ASD subjects suffering from autoimmune
conditions or chronic inflammatory conditions like long
COVID. Immunomodulating agents targeting Th17/IL-23
axis have been developed for controlling IBD and skin
inflammatory conditions like plaque psoriasis (192, 193).
ASD subjects are known to suffer from chronic GI
symptoms (16). In addition, skin pruritus/discomfort are
expected to cause worsening behavioral symptoms (194).
ASD subjects suffering from the above-described medical
conditions are likely to benefit from medications targeting
IL-17/IL-23 axis. There are no reports of Thl7 targeted
therapies tried specifically in ASD subjects. However, the
author experienced that several ASD subjects treated with
Th17/IL-23 targeted therapies (ustekinumab, secukinumab,
and risankizumab) for co-morbid conditions, as described
above, revealed beneficial effects on their ASD behavioral
symptoms. ASD subjects suffering from long COVID may
also benefit from these medications. However, it will be
necessary to carefully select ASD subjects for a trial using
inhibitors of the IL-17/IL-23 axis.

4 Conclusions

In this review, the author discussed various immunomodulating
agents as possible treatments for neuroinflammation in ASD
subjects based on solid scientific rationale and clinical trial data that
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were available at the time of preparation of this manuscript. In
addition, this review also discussed the potential use of emerging
immunomodulating agents including biologics. These agents were
developed in recent years and many new agents are now in the
pipeline. These agents may provide additional treatment options for
ASD subjects. However, published data of clinical trials in ASD subjects
are scant for emerging biologics and other immunomodulating agents.
Therefore, discussion regarding scientific rationale for biologics for this
review was based on pre-clinical studies (animal models), and results of
studies from other medical conditions. It cannot be emphasized
enough that ASD subjects are markedly heterogenous, and therefore,
careful evaluation must take place for assessing treatment options of
immunomodulating agents based on clinical and laboratory findings.
In addition, it is imperative for medical providers to have a good
understanding of the mechanisms of actions for these agents in order to
provide optimal treatment measures safely.
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MIA maternal immune activation
mTOR mammalian target of rapamycin
4-EPS 4-ethylphenylsulfate
NAC N-acetylcysteine
5-HT 5-hydroxytryptophan
NMDA N-methyl-D-aspartate
AA arachidonic acid
PANDAS  pediatric acute neuropsychiatric disorders associated with
ABC aberrant behavioral checklist Streptococcal infection
AE autoimmune encephalitis PANS pediatric acute-onset neuropsychiatric syndrome
AHRs aryl hydrocarbon receptors PGs prostaglandins
ASD autism spectrum disorder QUIN quinolinic acid
BBB blood brain barrier SCFA short chain fatty acid
BM bone marrow SERT serotonin reuptake transporter
BT butyrate SRS social responsiveness scores
C3 complement 3 SSRIs selective serotonin reuptake inhibitors
CAM complementary alternative medicine TGE transforming growth factor
CCL5 chemokine C-C motif ligand 5 Th T-helper
CIDP chronic inflammatory demyelinating polyneuropathy TI trained immunity
COVID- | coronavirus disease-2019 TNF tumor necrosis factor
19
Treg cells  regulatory T cells
COXs cyclooxygenases
TSC tuberous sclerosis complex
CNS central nervous system
CS corticosteroids
CSF cerebrospinal fluid
DCs dendritic cells
EMT fecal microbiota transplant
EUA emergency use authorization
GBS Guillain-Barre
GI gastrointestinal
GOF gain of function
HPA hypothalamic-pituitary-adrenal
IBD inflammatory bowel disease
IDO indoleamine 2,3-dioxygenase
1M innate immune memory
IFN interferon
IL interleukin
IL-1Ra IL-1 receptor antagonist
IPA indole-3-proprionic acid
IVig intravenous immunoglobulin
KYNA kynurenic acid
LOF loss of function
LOXs lipoxygenases
LTs leukotrienes
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