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ABSTRACT
Autism spectrum disorder (ASD) is a common neurodevelopmental disorder clinically diagnosed by persistent deficits in three 
areas of social communication and interaction, plus at least two of four types of restricted repetitive behaviors. ASD has been 
shown to be caused by genetic predisposition and environmental factors; however, the heterogeneity of ASD complicates its 
diagnosis and treatment. Early behavioral interventions have shown significant benefits, emphasizing the urgent need for reli-
able diagnostic biomarkers to enhance long-term outcomes. Here we provide a systematic review that outlines current findings 
on genetic and neurological biomarkers for presymptomatic ASD diagnoses, assessed prior to the observation of behavioral 
manifestations. Specifically, we offer insights into the mechanisms of presymptomatic neurological, biological, structural, and 
functional markers for ASD, compare outcomes across studies, and critically assess their limitations and implications. Recent 
findings highlight genotype-guided therapeutic strategies in animal models, such as dietary zinc supplementation for reversing 
ASD-associated behaviors by synaptic deficits. However, the differential efficacy based on underlying genotypes, along with 
challenges in identifying reliable genomic biomarkers prior to symptom onset, indicates the need for further research. Notably, 
recent advancements in imaging technologies like magnetic resonance imaging, electroencephalography, and pupillometry have 
shown promising markers in neonates, and at 3 and 9 months old, respectively. Newer developments in magnetoencephalography 
hardware can facilitate the much-needed infant ASD studies. It is important to note that many of these biomarker findings are 
preliminary, and further validation for clinical use is required. Continued research is needed to advance the practicality, reliabil-
ity, and acceptability of these biomarkers to improve ASD diagnosis and treatment strategies.

1   |   Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental 
disorder typically emerging by 2 years of age that is clinically 

diagnosed by persistent deficits in three areas of social commu-
nication and interaction in addition to at least two of four types 
of restricted, repetitive patterns of behaviours (RRBs; American 
Psychiatric Association 2022). ASD causation has a significant 
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genetic contribution, with over 1000 genes implicated (de la 
Torre-Ubieta et al. 2016). Idiopathic ASD is also common, mak-
ing ASD a highly complex and heterogeneous disorder of high 
prevalence. It affects 1 in 100 children globally, and estimates 
have risen over time (Zeidan et  al.  2022). ASD is predomi-
nantly diagnosed in males, who are four times more likely to 
receive an ASD diagnosis than females (Maenner et al. 2020). 
Individuals with ASD frequently require health, education, and 
social support services, posing a major fiscal impact on health-
care systems. The impaired quality of life often extends beyond 
the individuals directly affected, placing a substantial hardship 
upon their families.

Current diagnostic practices typically rely on a spectrum of be-
havioural cues culminating over the years as symptoms, which 
may not always yield consistent or early diagnoses, particularly 
in young children (American Psychiatric Association  2022). 
This variability underscores the absence of reliable and objective 
diagnostic biomarkers for ASD. There is consensus that timely 
diagnosis and intervention, especially before the full mani-
festation of behavioural deficits, are crucial for improving the 
quality of life. Indeed, the benefits of early intervention, such 
as sensory exposure during critical periods of brain develop-
ment, can normalise neural activity and improve behavioural 
outcomes (Dawson et al. 2012). Therefore, the identification of 
presymptomatic biomarkers that enable early intervention is 
paramount. In the current review, we explore promising pre-
symptomatic biomarkers, encompassing genetic and neurolog-
ical indicators as well as environmental influences on them, 
and non-neurological diagnostic biomarkers. We evaluate their 
mechanisms, examine their potential and limitations, and pro-
pose directions for future development.

2   |   Genetic Biomarkers

The genetic aetiology of ASD, like many other psychiatric con-
ditions, is well regarded as profound yet inherently complex 
due to the significant genetic heterogeneity, pleiotropy, and 
polygenic nature of the disorder. Genomic biomarkers can be 
classified into DNA-related markers, including single nucle-
otide polymorphisms (SNPs), copy number variants (CNVs), 
cytogenetic rearrangements, and epigenetic modifications; and 
RNA-related markers, such as mRNA and microRNA (Novelli 
et al. 2008). Such genetic variation, when conclusively linked to 
changes in expression, functionality, and regulatory processes 
involved in pathological conditions or therapeutic responses, 
serves as a critical biological signal (Novelli et  al.  2008). 
Despite extensive research, no genomic biomarker has yet been 
validated for clinical use in ASD. However, ongoing efforts to 
identify such biomarkers hold considerable promise, as their 
future utility could provide significant predictive power for 
early presymptomatic diagnosis. Additionally, the identifi-
cation and stratification of ASD-affected individuals into ge-
netically distinct subpopulations could facilitate the option to 
tailor treatment strategies to target associated subpopulation-
specific deficits.

Early twin studies provided the first compelling evidence for a 
strong genetic component in autism spectrum disorder (ASD), 
with concordance rates suggesting a Mendelian inheritance 

pattern (Folstein and Rutter 1977). This major finding has laid 
the groundwork for research dedicated to understanding the 
significant genetic influence underlying ASD, which has been 
further supported by recent studies showing a heritability rate 
exceeding 80% (Folstein and Rutter 1977; Sandin et al. 2017; Tick 
et al. 2016). Today, conservative estimates of 20% (but have been 
reported as high as 40%) of all ASD cases are considered to have 
a known underlying cause, typically associated with a genetic 
syndrome (De Rubeis et  al.  2014; Gaugler et  al.  2014; Iossifov 
et  al.  2014; Schaefer et  al.  2013; Tammimies et  al.  2015). The 
remaining cases with no linkable cause yet found, either genetic 
or environmental, are deemed “idiopathic” or “primary” ASD. 
It is well documented that in cases of ASD with an established 
genetic basis, variation frequently arises through inheritance 
and as spontaneous mutations. Current estimates attribute 
~15%–20% of ASD liability to rare de novo variations and > 50% 
to common inherited variants (de la Torre-Ubieta et  al.  2016; 
Gaugler et al. 2014; Sanders et al. 2015).

The discovery of the genetic links confirming many second-
ary ASD cases (i.e., as a result of another underlying medi-
cal condition) has been expedited by modern whole genome/
exome sequencing studies (Abrahams and Geschwind  2008; 
De Rubeis et al. 2014; O'Roak et al. 2012; Sanders et al. 2012, 
2015; Satterstrom et al. 2020). The Simons Foundation Autism 
Research Initiative (SFARI) human gene module database now 
includes over 1200 rare and common variants that are scored 
and categorized based on the strength of evidence and relevance 
to ASD risk (Banerjee-Basu and Packer 2010). Syndromic ASD-
associated genes are defined as rare monogenic syndromes in 
which a significant subset of individuals develops ASD. There are 
207 syndromic genes in this database, 116 of which are consid-
ered both syndromic and high confidence, with an additional 91 
genes classified as strong candidates or supported by suggestive 
evidence to have an association with ASD. The genes that reach 
the most stringent levels of gene score classification include, in 
order: SHANK3 (Phelan-McDermid Syndrome, ~60% ASD preva-
lence; Synaptic signalling/organisation; (Gergoudis et al. 2020)); 
MECP2 (Rett Syndrome, ~50% prevalence; Transcriptional 
regulation; (Wulffaert et al. 2009)), PTEN (PTEN Hamartoma 
Tumour Syndrome, 25–30% ASD prevalence; Cell growth regu-
lation; (Cummings et al. 2022)), SYNGAP1 (SYNGAP1-Related 
Intellectual Disability, 50%–70% ASD prevalence; Synaptic 
functioning; (Mignot et al. 2016; Wiltrout et al. 2024)), SCN1A 
(Dravet Syndrome; 20%–25% ASD prevalence; Ion channel 
function; (Brown et al. 2020; He et al. 2018)), ARID1B (Coffin-
Siris Syndrome, 45% ASD prevalence; Chromatin remodelling; 
(Vasko and Schrier Vergano 2022)), ADNP (Helsmoortel-Van der 
Aa Syndrome, > 90% ASD prevalence; Chromatin remodelling; 
(Van Dijck et al. 2019)), DYRK1A (DYRK1A-Related Intellectual 
Disability, 85% ASD prevalence; Kinase activity; (Kurtz-Nelson 
et al. 2023)), CHD2 (CHD2-Related Syndrome, ~40% ASD prev-
alence; Chromatin remodelling; (Chen et  al.  2020; Thomas 
et  al.  2015)). However, despite extreme genetic heterogeneity 
and close association with a significant number of monogenic 
conditions, no ASD-associated genes have been identified with 
complete penetrance, making it difficult to determine ASD di-
agnosis based on genetics alone. Furthermore, Down Syndrome 
is the only monogenic syndrome associated with ASD that is 
routinely screened prenatally (de Sena Barbosa et al. 2024). The 
relative rarity of these conditions diminishes the possibility of 
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standardized prenatal testing such as chorionic venous sam-
pling and amniocentesis.

While rare variants often have a large effect size and can be 
easily categorized, common variants account for a large pro-
portion of ASD liability (~50% of established Mendelian risk). 
These variants are SNPs frequently found in the general popu-
lation, which primarily contribute to normal genetic diversity; 
however, in combination, the additive effect of these low-effect 
variants can confer an increased burden of disease susceptibil-
ity (Weiner et al. 2017). Polygenic risk scores assess an individ-
ual's genome and produce an estimated risk profile according 
to the presence and combination of these disease-attributable 
variants. However, there are currently only five ASD-specific 
genetic loci that have reached genome-wide significance (Anney 
et al. 2012; Devlin et al. 2011; Grove et al. 2019; Klei et al. 2012). 
Interestingly, in multiplex families with multiple cases of ASD 
caused by inherited rare causative mutations, an increased 
burden of background ASD-related common variants has been 
reported (Chang et  al.  2022; Cirnigliaro et  al.  2023; Leppa 
et  al.  2016). This over-transmission points toward a threshold 
susceptibility model of liability where polygenic risk also affects 
the penetrance of de novo rare variants and vice versa, and could 
better inform prognosis in these cases (Cirnigliaro et al. 2023). 
Clinical implementation of polygenic risk scores into routine 
practice continues to evolve as accuracy and understanding im-
prove the precision of diagnosis.

Interestingly, high confidence ASD risk genes exhibit signif-
icant functional and regulatory overlap, converging in critical 
neurodevelopmental and synaptic signalling pathways (Bill and 
Geschwind  2009; Jin et  al.  2020; Moyses-Oliveira et  al.  2020; 
Pinto et  al.  2014; Quesnel-Vallières et  al.  2019; Sestan and 
State 2018; State and Sestan 2012; Sullivan et al. 2019; Willsey 
et  al.  2022). Many of the affected proteins physically interact 
within distinct neuronal structures, such as synapses, directly 
influencing synaptic architecture, transmission, and plasticity. 
Other examples of converging roles include chromatin remodel-
ling, cytoskeletal regulation, and protein homeostasis (Sullivan 
et al. 2019; Willsey et al. 2022). ASD risk genes are also known 
to have indirect influences by acting as upstream regulators af-
fecting transcription and translation networks as well as epigen-
etic modification of other low-risk genes (De Rubeis et al. 2014; 
Satterstrom et al. 2018). The nexuses at which these genes over-
lap have significant clinical and scientific relevance as they are 
suggestive of common underlying mechanisms that could ex-
plain ASD pathogenesis in individuals. Targeting this common 
mechanism may produce therapeutic targets with broad and ef-
ficacious clinical applicability despite the intrinsic genetic and 
clinical heterogeneity of ASD.

Currently, there is a modest portrayal of genotype-guided thera-
peutic strategies in the ASD literature. We have recently shown 
that potential ASD-targeted treatments exhibit differential effi-
cacy based on the underlying genotype, as shown using the same 
treatment on different genetic models (Lee et al. 2024). Dietary 
zinc supplementation has been shown to reverse and prevent 
ASD-associated behaviors in Shank3−/− and TBR1−/− genetic 
rodent models by targeting underlying synaptic deficits, indi-
cating zinc's potential therapeutic utility in Phelan-McDermid 
Syndrome and TBR1-Related Disorder (Fourie et al. 2018; Lee 

et al. 2022; Vyas et al. 2020). However, in the Shank2−/− model, 
zinc supplementation produced differential effects, failing to 
achieve comparable behavioral improvements in working mem-
ory (Lee et al. 2024). These findings underscore the complexity 
of treatment responses in ASD and the necessity of considering 
genotype-specific factors when developing and implementing 
therapeutic strategies for clinical trials to achieve efficacy to 
progress through phases.

The genes OXTR and CD38, which are integral to oxytocin reg-
ulation, each have single nucleotide polymorphisms (SNPs) as-
sociated with autism spectrum disorder (ASD) that have been 
shown to modulate responses to oxytocin-based interventions 
(Frye et  al.  2019; Hammock et  al.  2012). In healthy individu-
als, homozygous carriers of the CD38 SNP rs3796863 exhib-
ited enhanced fusiform gyrus activation and faster reaction 
times during social matching tasks following intranasal oxyto-
cin (Sauer et  al.  2012). This finding suggests that risk genetic 
variation in CD38 likely results in a lower baseline of oxytocin, 
leading to super sensitivity and compensatory mechanisms, 
influencing the efficacy of oxytocin to augment social cogni-
tive processes in carriers with this variant (Sauer et  al.  2012). 
Similarly, in individuals with ASD, carriers of the OXTR SNP 
rs6791619 demonstrated significant improvements in Clinical 
Global Impression-Improvement (CGI-I) scores with oxytocin 
treatment compared to placebo (Kosaka et al. 2016).

Despite the failure to identify genomic biomarkers in ASD to 
date, future research in this area continues to hold significant 
promise. Points of convergence and shared molecular mecha-
nisms could provide a framework for classifying ASD subtypes 
and understanding their complex aetiology. By uncovering these 
common pathways, through advancing technology and data-
base creation, researchers may bridge decades of inconclusive 
findings and move toward significant progress in therapeutic 
development. Furthermore, early detection of ASD through 
these genetic biomarkers could enable timely interventions tar-
geting these shared mechanisms, ultimately improving treat-
ment outcomes and addressing the diverse needs of individuals 
on the spectrum.

3   |   Environmental Influences

Environmental exposures during pregnancy, particularly during 
critical neurodevelopmental periods, are implicated in ASD aeti-
ology (Bölte et al. 2019; Yenkoyan et al. 2024). Many known ex-
posures have effects during gestation, delivery, or, in rare cases, 
the neonatal period (Parellada et  al.  2023). Some frequently 
examined factors in the literature that provide direct evidence 
of an environmental component in ASD include increased risk 
following maternal immune activation induced by bacterial or 
viral infection (Tioleco et al. 2021), autoimmune disease (Chen 
et al. 2023; Atladóttir et al. 2009), or stress (Abbott et al. 2018); 
the impact of maternal nutrition and malnutrition due to di-
etary factors (Zhong et al. 2020), deficiencies of zinc (Alsufiani 
et al. 2022), magnesium (Skalny et al. 2020) and selenium (Skalny 
et al. 2018), vitamin D (Wang et al. 2020) and folate (Vasconcelos 
et al. 2025), or short interpregnancy intervals (Zerbo et al. 2015); 
pre-existing and concurrent metabolic conditions (Krakowiak 
et  al.  2012); prenatal and early postnatal exposure to heavy 
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metals (cadmium, lead, arsenic, and mercury; Ding et al. 2023), 
and air pollutants (e.g., fine particulate matter, nitrogen dioxide; 
Duque-Cartagena et al. 2024; Lam et al. 2016); medication use, 
notably valproic acid (Moore et  al.  2000), and antidepressants 
(Croen et  al.  2011); birth method (Chen et  al.  2024); birthing 
complications, such as fetal hypoxia (Walker et  al.  2015); and 
gestational age and weight (Guo et al. 2024).

Due to the timeline of exposure, biomarkers of ASD influenced 
by environmental exposure are good candidates for aiding 
presymptomatic detection, provided that sufficient maternal 
medical history is available and can inform screening panels 
and assays during pre- and peri-natal periods (Frye et al. 2019). 
The bioaccumulation of environmental agents, such as heavy 
metals and endocrine-disrupting chemicals (e.g., phthalates 
and bisphenol A), present in blood, urine, and hair, are reliable 
biomarkers that indicate prolonged exposure and therefore 
an increased risk of neurodevelopmental disruptions associ-
ated with ASD (Ding et al. 2023). Other potential biomarkers 
linked to environmental stresses leading to ASD include cyto-
kines, such as interleukin-6 and tumour necrosis factor-alpha 
(Anastasescu et  al.  2024), which increase in expression and 
are present in the blood for sampling as a result of immune 
activation and possible dysregulation and inflammation (Xu 
et al. 2015). However, a recent meta-analysis detailed that the 
abnormal profile of more than 10 cytokines could serve as 
potential biomarkers of ASD (Zhao et al. 2021). Additionally, 
oxidative stress markers, namely lipid peroxidation products 
and reduced glutathione levels (Liu et  al.  2022), and epigen-
etic modifications, such as DNA methylation patterns (Vogel 
Ciernia and LaSalle 2016; Bakulski et al. 2021). However, de-
spite the promising collation of evidence and detection of these 
potential and emerging biomarkers, as with genetic factors, 
most evidence informing environmentally associated biomark-
ers has small effect sizes, with no single biomarker exhibiting 
a consistent exposure-response relationship (Frye et al. 2019; 
Parellada et al. 2023).

Gene–environment (GxE) interactions in human pathophysiol-
ogy describe how an individual's genotype can be a determinant 
of their susceptibility to environmental exposures, influenc-
ing their innate predisposition to ASD (Tordjman et  al.  2014; 
Chaste and Leboyer 2012; Cheroni et al.  2020). The influence 
of epigenetics in ASD is one example of the interconnection be-
tween the external environment and an individual's genome 
(Tordjman et al. 2014). Epigenetic processes dynamically silence 
or activate genes and regulate the accessibility of transcription 
machinery to areas of chromatin in response to both genetic 
mutation and environmental exposures without altering the un-
derlying DNA sequence. This highlights a bidirectional relation-
ship between environmental influences on the genome and vice 
versa, which influences ASD pathology (Tordjman et al. 2014). 
The significance of this relationship is reinforced by data from 
the Simons Foundation Autism Research Initiative (SFARI) da-
tabase, which identifies numerous genes involved in epigenetic 
machinery that are directly linked to ASD aetiology (Banerjee-
Basu and Packer 2010). Other GxE interactions commonly man-
ifest when specific alleles confer protective or pathogenic effects 
in response to environmental insults (Wu et al. 2023). A demon-
stration of this in ASD is seen in the Methylenetetrahydrofolate 
Reductase (MTHFR) gene, where two common polymorphisms, 

C677T and A1298C, impair folate metabolism (Li et al. 2020). 
Low maternal folate levels can then exacerbate this effect, lead-
ing to differential effects and severity of outcomes in carriers 
versus noncarriers (Li et al. 2020; El-Baz et al. 2017).

The multifactorial aetiology of ASD suggests that single-factor 
approaches to biomarker identification are inherently inade-
quate (Jensen et  al.  2022; Mustafa  2024). Understanding how 
gene–environment interactions shape ASD phenotypes will be 
crucial for developing early diagnostic tools and potential inter-
vention strategies and improving the relevancy of biomarkers 
(Mustafa 2024). These interactions may also explain a substan-
tial portion of incomplete penetrance in ASD-associated genetic 
syndromes and contribute to the variable burden of common 
variants in the population (Tordjman et  al.  2014; Chaste and 
Leboyer 2012; Cheroni et al. 2020).

4   |   Neurological Biomarkers

4.1   |   Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) generates high-resolution 
3D anatomical images using magnetic fields that align bodily 
protons (Baranger et al. 2021). MRI provides both quantitative 
and qualitative information on brain structure and function. 
Functional MRI images the changes in neural activity via its 
detection of blood oxygen level-dependent alterations (Baranger 
et  al.  2021). Functional connectivity (fc) MRI can show the 
temporal relationships between neurological events that are 
spatially apart (Pickler et al. 2017). A compelling case is made 
for the cost-effectiveness of using MRI to identify ASD in pre-
symptomatic at-risk infants in the context of United states, if an 
intervention is implemented (Williamson et al. 2020).

4.1.1   |   Functional MRI Studies of ASD

Abnormal neural organisations at local and global levels of 
brain architecture and function have been implicated in ASD 
(Table  1). Manifestations of ASD include both increased (Bos 
et al. 2014; Butera et al. 2023; Carper et al. 2015; Doyle-Thomas 
et  al.  2015; Gabrielsen et  al.  2018; Green et  al.  2016; Linke 
et al. 2018; Mash et al. 2020; Nair et al. 2015; Solomon et al. 2014; 
Uddin et al. 2013) and decreased (Bai et al. 2023; Bos et al. 2014; 
Doyle-Thomas et  al.  2015; Fishman et  al.  2018; Gabrielsen 
et al. 2018; Keehn et al. 2021; Long et al. 2016; Nair et al. 2015; 
Shen et al. 2016; Supekar et al. 2021; Wood et al. 2021) fc across 
various brain regions and networks. A more specific example 
is the increased fc in sensorimotor and vision regions, but re-
duced fc in social and cognition regions in children with ASD 
(Chen et al. 2018). Overconnectivity primarily involves fronto-
temporal networks and the basal ganglia, related to social devel-
opment and RRBs in ASD, respectively (Conti et al. 2017). The 
connectivity patterns in ASD can differentiate from other de-
velopmental disorders involving intellectual and language im-
pairments in toddlers (Conti et al. 2017). Sex differences for fc in 
ASD are also observed (Alaerts et al. 2016; Lawrence et al. 2020; 
Smith et al. 2019; Ypma et al. 2016). Hyperconnectivity and re-
duced differentiability between task-evoked and resting brain 
states seen in children with ASD are thought to contribute to 
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impaired behavioural flexibility (Uddin et  al.  2015, 2013) and 
social deficit severity (Supekar et al. 2013).

4.1.1.1   |   Behaviour.  In at-risk infants aged from 12 to 
24 months, alterations in fc between different long- and short-range 
networks were associated with elevated RRBs (McKinnon 
et al. 2019). Assessment of the hyper- and hypo-connected circuits 
in 6-month-old high-risk infants as a predictive measure of later 
ASD diagnosis at age 2 yielded 96.6% accuracy with a positive pre-
dictive value of 100% (Emerson et al. 2017). In contrast, although 
at-risk newborn infants showed local hyperconnectivity, there was 
no difference in long-range connectivity compared to the low-risk 
group (Ciarrusta et al. 2020). Although there is no behavioral out-
come data available for this study (Ciarrusta et al. 2020), taken 
together, this suggests local connectivity alterations might pre-
cede the atypicalities in long-range connectivity.

4.1.1.2   |   Language.  Poorer network efficiencies in primary 
and secondary auditory cortices related to low-level process-
ing are found in at-risk 6-month-old infants and were associ-
ated with symptom severity at 24 months (Lewis et  al.  2017). 
By 12 months, inefficiencies in other regions for low-level pro-
cessing (e.g., vision and motor cortices), sensory integration, 
and higher-level processing (e.g., Broca's area) also became 
associated with symptom severity at 24 months. These findings 
agree with previous work on 24-month-old at-risk infants (Lewis 
et al. 2014). This aligns with the hypothesis that low-level sen-
sory processing deficits occur earlier in the ASD development 
trajectory than higher-level processes (Belmonte et  al.  2004) 
and sets up a cascade that leads to the deficits in higher-level 
processes. As intensive auditory behavioral training in rodents 
has been shown to reverse ASD-like deficits in the primary audi-
tory cortex, interventions could perhaps halt the cascade toward 
inefficiencies in higher-level regions (Zhou et al. 2015).

More recently, disruptions in interhemispheric fc of networks 
between the left Heschl's gyrus and right somatosensory re-
gion needed for auditory and motor integration, and thus lan-
guage development, are found in high-risk infants as early as 
1.5 months old (Liu et  al.  2020). At 9 months, these infants 
show increased intrahemispheric connectivity between the 
left Heschl's gyrus and left sensory cortex, whereas low-risk 
infants show hyperconnectivity between auditory and higher-
order temporal regions. High-risk infants also showed more 
static development trajectories, lacking the increasing long-
range connectivity (e.g., fronto-temporal language regions) and 
decreasing short-range connectivity (e.g., temporal-thalamic) 
seen in low-risk infants from 1.5 to 9 months (Liu et al. 2020). 
Weaker interhemispheric fc in language areas is only evident 
in toddlers with autism, not in toddlers solely with language 
delays (Dinstein et al. 2011). Furthermore, lower increases in 
learning-related signals within the left temporal regions while 
listening to a speech at 9 months are related to poorer expres-
sive language outcomes at 36 months (Liu et  al.  2021), and 
weaker sensitivity signals to sad vocalisations in the left hippo-
campus and right fusiform gyrus were found in high-risk 4 to 
7-month-old infants (Blasi et al. 2015).

Interhemispheric auditory hypoconnectivity and temporal-
thalamic hyperconnectivity are associated with social symptoms 
in youth (aged 8–17; Linke et al. 2018), and temporal-thalamic 

hyperconnectivity was the only exception to an overall thalam-
ocortical hypoconnectivity in children with ASD (aged 12–17; 
Nair et  al.  2013). However, thalamocortical hyperconnectivity 
is more commonly reported (Cerliani et  al.  2015; Tomasi and 
Volkow 2019; Woodward et al. 2017), and thalamic-occipital and 
-motor hyperconnectivity in 1.5-month-old high-risk infants is 
predicted to later atypical social development (Nair et al. 2021). 
Although findings on thalamic hypoconnectivity with prefron-
tal regions are consistent (Nair et al. 2021; Wagner et al. 2023), 
in contrast, thalamic-motor hypoconnectivity was seen in 
9-month-old high-risk infants (Wagner et al. 2023). Thalamic-
limbic hyperconnectivity was also seen at 1.5 months of age 
(Wagner et al. 2023). Thalamocortical hyperconnectivity could 
reflect how reduced thalamic inhibition constitutes impaired 
filtering of sensory information reaching the cortex, which in-
terferes with attention and contributes to sensory oversensitivity 
(SOR) in ASD (Baran et al. 2023).

4.1.1.3   |   Cerebellum Networks.  Studies of cerebro-cerebellar 
fc in children with ASD showed cerebellar hyperconnectivity to 
sensorimotor networks, at the expense of hypoconnectivity in 
supramodal cognition (e.g., prefrontal cortex; (Khan et al. 2015)), 
and together, these might contribute to more severe SOR symp-
toms (Cakar et al. 2024; Oldehinkel et al. 2019). Although no rela-
tionship was found between 6-month cerebro-cerebellar (e.g., 
fronto-parietal network and DMN) fc with ASD behaviors at 
24 months, fcMRI enrichment identified correlations between 
DMN and RRBs at 12 and 24 months (Hawks et al. 2023). Hypoco-
nnectivity of the right Crus I, implicated in social communication, 
is found in high-risk 9-month-old infants prior to overt deficit onset 
(Okada et  al.  2022). Atypical right Crus I connectivity was also 
found in the Purkinje neuron Tsc1 ASD mouse model, and stim-
ulation of this cerebellar area's activity rescued social impair-
ments but not the RRBs (Stoodley et  al.  2017). Rapamycin (an 
mTOR-specific inhibitor) therapy also rescues cerebellar-mediated 
social dysfunction in mutant Tsc1 mice but does not ameliorate 
the RRBs thought to be mediated by rapamycin-insensitive cere-
bellar domains (Tsai et al. 2018).

4.1.1.4   |   Salience Network.  Across the commonly iden-
tifiable large-scale brain networks, salience network hyper-
connectivity has shown the highest accuracy in differentiating 
ASD and typically developing (TD) children and predicted RRB 
scores (Uddin et  al.  2013). The anterior insula, amygdala, 
and anterior cingulate cortex are key nodes in the salience net-
work (Uddin et al. 2013). fcMRI in high-risk neonates (full-term, 
postmenstrual age matched; mean 44 weeks) showed hypocon-
nectivity between the left anterior insula and the left amygdala, 
which was associated with poorer social communication behav-
ior scores 12 to 18 months later (Scheinost et al. 2022). As these 
two areas coactivate during the final trimester of pregnancy, 
ASD prediction is potentially possible prenatally (Scheinost 
et  al.  2022). This remains to be investigated. Nonetheless, 
increased amygdala-prefrontal and -sensorimotor connectivity 
and decreased anterior insula-cerebellum connectivity were 
associated with later ASD diagnosis in fetuses (24–39 weeks 
gestational age (GA); Thomason et  al.  2021). High-risk 
12-month-old infants display poorer connectivity between 
the left amygdala and right anterior cingulate cortex, and right 
amygdala and left visual cortex. The latter is associated with 
poorer motor and communication ability (Liu et al. 2024).
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Moreover, stronger salience-sensorimotor connectivity at 
the expense of weaker salience-prefrontal connectivity in 
6-week-old high-risk infants is suggested to underlie the bal-
ance between greater attention to basic sensory information 
over socially relevant sensory information (Tsang et al. 2024). 
A similar inverse relationship is seen for thalamic connectiv-
ity to sensory cortices/basal ganglia and higher-order asso-
ciative regions, in association with SOR symptom severity in 
9-month-old infants (Wagner et  al.  2023). Interestingly, SOR 
is more strongly associated with salience-primary sensory 
network hyperconnectivity in male children, but salience-
prefrontal network hyperconnectivity in female children, 
which unveils potential sex-specific connectivity differences in 
ASD manifestations (Cummings et al. 2020). These sex differ-
ences are yet to be studied in infants.

Ultimately, atypical fc is present as early as 4–6 weeks old 
in infants at high risk of ASD (Scheinost et  al.  2022; Tsang 
et  al.  2024). Salience network connectivity differences are 
even observable in utero (Thomason et al. 2021). Alterations as 
early as 1.5 months (Nair et  al.  2021) and 6 months (Emerson 
et al. 2017; Hawks et al. 2023; Lewis et al. 2017) are predictive 
of ASD behaviors (e.g., RRBs) at 24 months. Further extrapola-
tion of presymptomatic sex differences and understanding the 
potential of prenatal ASD predictions is warranted (Scheinost 
et al. 2022). As non-replication of fc differences in ASD has been 
noted in older children and young adults (He et  al.  2020), ex-
amination of replicability is needed before we can progress to 
validating these biomarkers for clinical use.

4.1.2   |   Structural MRI

Aside from network fc, some studies have used structural MRI 
(Table  2). Atypical structural connectivity of large-scale brain 
networks is implicated in children aged from 2 to 4 with ASD, 
with sex-by-diagnosis differences in structural covariance com-
pared to TD counterparts (Zielinski et  al.  2022). Beyond neu-
ral circuitry, abnormalities in regional brain thickness (Dierker 
et al. 2015; Levman et al. 2019; Libero et al. 2015) and volume 
(Eilam-Stock et al. 2016; Levman et al. 2018; Maier et al. 2015; 
Xiao et  al.  2014) are implicated in ASD, with abnormal alter-
ations changing with age (Zuo et al. 2019).

4.1.2.1   |   Amygdala.  Infants that later develop ASD show 
a typical amygdala size at 6 months old but a larger volume 
by 12 months due to faster growth of the amygdala from 6 to 
24 months. This increased growth was associated with greater 
social impairment at 24 months and differentiated ASD from 
infants with fragile X syndrome (Shen et  al.  2022). Enlarged 
amygdala volume was only seen in highly impaired ASD chil-
dren, which had a higher proportion of females and an asso-
ciation with internalising behaviour only in females (Nordahl 
et  al.  2020). This suggests sex-specific pathology and subse-
quent symptoms.

4.1.2.2   |   Cortex.  Cortex hyper-expansion in sensory pro-
cessing areas from 6 to 12 months old preceded the brain vol-
ume overgrowth seen at 12 to 24 months, and predicted later 
ASD diagnoses in high-risk infants with 88% sensitivity and 95% 

specificity (Hazlett et  al.  2017). The initiation and severity 
of brain volume growth were respectively correlated to the onset 
and extent of social impairment, signifying brain overgrowth 
as the ignition to a cascade of social-related neural atypicali-
ties (Hazlett et al. 2017). Brain overgrowth is seen in ASD with 
known genetic contributors like CHD8 (Bernier et  al.  2014) 
and 16p11 deletions (Qureshi et  al.  2014). However, megalen-
cephaly might only be attributed to a subset of children with 
ASD, particularly boys who have more severe deficits (Amaral 
et al. 2017; Nordahl et al. 2011; Ohta et al. 2016).

4.1.2.3   |   Insula Cortex.  The insula is involved in social 
attention and sensory processing, among other capabilities 
(Odriozola et al. 2016). Although insula volumes are decreased 
in children and adults with ASD (Kosaka et al. 2010; Parellada 
et al. 2017), findings of increased insular cortex volume using 
in utero MRI in foetuses later diagnosed with ASD could be 
explained by age-related changes, thereby potentially provid-
ing a promising foetal biomarker (Ortug et  al.  2024). Using 
controlled protocols in a larger sample size, prospective studies 
identifying any sex differences are needed to further delineate 
these foetal observations.

4.1.2.4   |   Corpus Callosum.  Increased area and thick-
ness of the corpus callosum (CC) at 6 months correlated to 
RRBs at 2 years, and the ability to distinguish ASD from CC 
size diminished by 2 years (Wolff et  al.  2015). CC volumes 
remained higher in children aged 2 to 4 with ASD, albeit more 
significant in females than males with ASD (Zhang et al. 2023). 
This enlargement is thought to be underpinned by overgrowth 
of axons and myelin sheaths (Boger-Megiddo et al. 2006), which 
would also coincide with brain volume overgrowth (Hazlett 
et al. 2017). By adulthood, there is a smaller CC volume in ASD 
due to reduced age-related volume increases, where larger vol-
umes were related to better Autism Diagnostic Observation 
Schedule scores (Prigge et al. 2021).

Greater than typical fractional anisotropy (FA; index of white 
matter integrity) in the splenium (Wolff et  al.  2015) and genu 
(Wolff et al. 2017) at 6 months predicted RRBs and subsequent 
ASD diagnosis at 2 years and positively associated with symp-
tom severity (Wolff et al. 2017). Similarly, higher FA and right-
ward lateralization of the left superior longitudinal fasciculus in 
high-risk 6-week-old infants were related to language develop-
ment and ASD symptoms at 18 and 36 months, respectively (Liu 
et al. 2019). No FA difference is seen in thalamic-cortical tracts 
between high- and low-risk 6-week-old infants, though mean 
diffusivity was significantly higher for thalamic-occipital tracts 
in the high-risk group (Nair et al. 2021). Interestingly, FA is then 
lower in various white matter tracts of 2-year-old toddlers with 
ASD (Wolff et al. 2012) and in particular, differences in FA of 
the CC are not observed in toddlers aged from 3 to 5 with ASD 
(Nordahl et al. 2015). Reduced FA is seen in older children and 
adults with ASD (Ameis et  al.  2016; Aoki et  al.  2013; Chiang 
et  al.  2017; Fishman et  al.  2015; Im et  al.  2018). However, in-
creased FA of various white matter tracts in toddlers aged from 
2 to 4 is still observed (Andrews et al. 2019; Solso et al. 2016; 
Xiao et al. 2014). These findings suggest that atypical ASD FA 
measures transition from an increased to decreased state be-
tween 30 and 40 months of age (Andrews et  al.  2019), where 
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presymptomatic diagnostic measures need to consider distinct 
timeframes to prevent false negatives.

While both male and female preschool-aged children (aged 
3–5 years) with ASD had smaller regions projecting to the su-
perior frontal cortex, males had a smaller region of callosal fi-
bers projecting to the orbitofrontal cortex, whereas females had 
a smaller callosal region projecting to the anterior frontal cortex 
(Nordahl et al. 2015). Increased mean, axial, and radial diffusiv-
ity relative to TD counterparts was also only observed in females 
with ASD (Andrews et al. 2019; Nordahl et al. 2015), whereas 
males showed decreased axial diffusivity relative to TD coun-
terparts (Andrews et al. 2019). These alterations did not differ 
based on age, suggesting they were established before 3 years of 
age (Nordahl et al. 2015). These diffusion alterations could re-
flect poor axon myelination or membrane integrity (Alexander 
et al. 2007; Song et al. 2002, 2005).

Children with ASD show slower FA development in multiple 
areas, including the splenium, where slower FA development in 
the sagittal stratum was seen in autistic children who increased 
in severity across childhood (Andrews et al. 2021). Interestingly, 
individuals with ASD exposed to parent-managed behavioral 
interventions had higher and lower FA in regions of the CC, 
which followed a dose–response relationship to the intensity of 
intervention (Virues-Ortega et  al.  2022). Thus, differences in 
white matter development could potentially predict prognosis 
and treatment effects. Future randomized controlled trials may 
use this study as a basis for estimating statistical powers needed.

4.1.2.5   |   Other Volume Changes and EA-CSF.  Increased 
cerebellar and subcortical volumes in 4- to 6-month-old high-risk 
infants were associated with increased RRBs at 36 months (Pote 
et  al.  2019). Smaller nucleus accumbens and larger cerebral 
ventricles in presymptomatic toddlers under 3 years of age were 
observed in the infant period (Shiohama et al. 2022). Reduced 
nucleus accumbens size might mediate ASD pathology as oxy-
tocin treatment, shown to improve social symptoms in ASD, 
enhances serotonin release via actions on nucleus accumbens 
oxytocin receptors (Gordon et  al.  2016; Kruppa et  al.  2019; 
Walsh et  al.  2018; Yamasue et  al.  2020). Moreover, Shio-
hama et al.  (2022) used Infant FreeSurfer, which is optimized 
for T1-weighted neuroimaging data of infants < 2 years (Zöllei 
et  al.  2020). Future infantile studies might consider this over 
the original FreeSurfer.

Interestingly, infants aged 6–9 months show increased extra-
axial cerebrospinal fluid (EA-CSF), where its presence and 
amount respectively predicted ASD diagnosis and motor symp-
tom severity (Shen et al. 2017, 2013). Elevated EA-CSF persists 
into childhood, predicts ASD diagnosis with 78% accuracy, and 
is associated with sleep disturbances (Shen et  al.  2018). Sleep 
normally drives increased CSF clearance of neurotoxic met-
abolic byproducts that accumulate during wakefulness and 
can contribute to neuropathology (Johanson et  al.  2008; Xie 
et al. 2013). Moreover, although increased EA-CSF volume was 
not observed in a previous study (Pote et  al.  2019), it is likely 
due to the younger and smaller study population and different 
MR slicing. Thus, we do not know the earliest emergence of in-
creased EA-CSF and if this phenomenon is specific to ASD, or 
whether it extends to other neurodevelopmental disorders.

Structural changes in volume, FA, and connectivity of the cortex 
and other regions are found in ASD. Notably, differences in CC 
(Wolff et al. 2015), cerebellar and subcortical (Pote et al. 2019), 
and EA-CSF (Shen et  al.  2017, 2013) volumes are present by 
6 months. Atypical lateralization of dorsal language tracts is 
present as early as 6 weeks (Liu et al. 2019), and increased insu-
lar cortex volume is a promising fetal biomarker that warrants 
investigation (Ortug et al. 2024). Moreover, findings are pend-
ing from an ongoing 6-year follow-up cohort study on preterm 
infants using comprehensive neonatal MRI, EEG, and clinical 
biomarkers at 32 weeks PMA to predict neurodevelopmental 
outcomes in Australia (George et al. 2020). Nevertheless, while 
the use of MRI for ASD diagnosis is promising, it is not yet ready 
for clinical application due to uncertainty in its generalizability, 
and the inherent heterogeneity of ASD that is further compli-
cated by the heterogeneity in study participants and protocols 
(Schielen et al. 2024).

5   |   Electroencephalography

Electroencephalography (EEG) provides a non-invasive 
continuous recording of cerebral electrical activity (Baranger 
et al. 2021). Event-related potentials (ERPs) derived from EEG 
represent the electrical activity of a neuronal population in 
response to a particular stimulus (Cygan et  al.  2014). EEG 
is an easy-to-use, readily available, and low-cost tool that 
could be routinely implemented for infants (Bosl et al. 2018). 
EEG has  been used to investigate ASD in high-risk infants 
(Table 3).

5.1   |   Power and Frontal Alpha Asymmetry

In infants and toddlers with ASD, early intervention has been 
shown to shift the P400 response and theta and alpha power 
closer to that of TD counterparts in response to social stimuli 
and was associated with improved social behavior (Dawson 
et al. 2012; Jones et al. 2017). High-risk infants show reduced 
power of all frequency bands from delta to gamma at 3 months 
and steeper age-related power increases in spectral power till 
3 years (Gabard-Durnam et al. 2015; Huberty et al. 2021; Piazza 
et al. 2023; Tierney et al. 2012). Moreover, from 6 to 18 months, 
TD infants display greater right-sided frontal alpha asymmetry 
(FAA) that shifts left, whereas high-risk infants have greater 
left-sided FAA that shifts right (Gabard-Durnam et  al.  2015). 
Although this reversed FAA pattern is consistent with findings 
in preschoolers with ASD in response to direct versus down-
ward gaze (Lauttia et al. 2019) and older children in response to 
open versus closed eyes (Kylliäinen et al. 2012), the above stud-
ies did not predict ASD-specific outcomes.

Recently, a comparison of EEG signal features in 3-month-old 
infants predicted later ASD diagnosis and severity with over 
95% accuracy (Bosl et al. 2018). Steeper delta and gamma band 
power trajectories across the first 12 months also consistently 
differentiated high- and low-risk infants (Bosl et  al.  2018). 
Further changes in frontal power through 36 months differenti-
ated infants with ASD diagnosis from those without, indicating 
the importance of EEG trajectory in understanding ASD patho-
physiology and classification (Gabard-Durnam et al. 2019). Peak 
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alpha frequency, however, is not a predictor of ASD in 12-month 
infants (Carter Leno et  al.  2021). Moreover, FAA and frontal 
alpha power only correlated with externalizing behaviors in 
male but not female youth with ASD (Neuhaus et  al.  2023). 
These sex differences are yet to be replicated in infants.

Infant theta changes have been shown to predict non-verbal and 
verbal skills, and the changes explain over 80% of the variance 
in non-verbal skills in infants with later ASD (Jones et al. 2020). 
However, theta modulations in power and connectivity while 
viewing social content are not different from TD counterparts at 
14 months (Haartsen et al. 2022). High-risk infants are reported 
to have reduced frontal alpha and beta power at 3 months, which 
was associated with reduced expressive language at 12 months 
(Levin et al. 2017). Interestingly, lower power of low-frequency 
bands differentiated high-risk 6-month-old infants later di-
agnosed with ASD from those infants later diagnosed with 
language learning impairment (LLI), where the risk for LLI 
increased with higher power of high-frequency bands (Piazza 
et al. 2023). Higher power in higher frequencies is also related to 
lower ASD risk and higher socioemotional competence, though 
this is only significant for males (Brito et al. 2019). Nevertheless, 
this indicates the potential to differentiate ASD from other 
neurodevelopmental language disorders as early as 6 months. 
Dysmature EEG (i.e., abnormal discontinuity, slow delta waves, 
inappropriate waveforms for GA, etc.) in infants less than 
48 weeks GA with tuberous sclerosis complex was associated 
with a higher likelihood of ASD traits at 24 months with 86% 
specificity, and lower language abilities (De Ridder et al. 2020). 
Moreover, children with Dup15q syndrome who have a high 
risk of neurodevelopmental disorders like ASD show excessive 
beta frequency activity (Urraca et al. 2013). It remains unknown 
whether this EEG pattern could predict clinical ASD outcomes 
in this subgroup.

5.2   |   Event-Related Potentials—Face Processing

P400 ERPs describe the semantic aspects of processing face in-
formation (de Haan et  al.  2003). In 6-month-old infants with 
later ASD diagnosis, faster but less prolonged P400 ERPs are ob-
served when viewing faces versus non-social stimuli (Elsabbagh 
et al. 2012; Jones et al. 2016). This is thought to reflect reduced 
attentional engagement to and processing depth of social stim-
uli. This difference was also less apparent at 12 months, suggest-
ing this biomarker is specific to earlier windows (Guy et al. 2018; 
Jones et al. 2016). A lack of differential P400 amplitude in re-
sponse to gaze toward versus away in 6- to 10-month-old 
infants with later ASD is also seen (Elsabbagh et  al.  2012), 
where 7-month-old at-risk infants with more positive moods 
show faster responses to gaze toward versus away (Elsabbagh 
et al. 2015). Classification of 6-month-old infants into high-risk 
with later ASD versus no ASD using a gaze toward/away model 
yielded 88.44% accuracy (Abou-Abbas et al. 2021).

In addition, high-risk infants with later ASD diagnosis show 
greater leftward lateralization of intrahemispheric gamma co-
herence to faces, whereas TD infants showed rightward later-
alization (Keehn et al. 2015). Blunted lateralization of face and 
name processing, and delayed N170 ERP (related to early en-
coding of face structure; Bentin and Deouell 2000; Eimer 2000), N
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where females are more impacted are reported in children 
and adults with ASD (Coffman et  al.  2015; Cygan et  al.  2014; 
McPartland et  al.  2011). Valproic acid-exposed zebrafish also 
exhibit atypical social-visual lateralization via genetic effects 
(Messina et al. 2024). Since it is hypothesized that atypical lat-
eralization stems from insufficient neural visual specialization 
(Behrmann et al. 2006), and purposeful early exposure to social 
stimuli, thus repeated engagement of these circuits may encour-
age specialization. This needs to be evaluated longitudinally, 
considering both sex and prediagnostic infantile stages.

5.3   |   Connectivity

High-risk infants with later ASD diagnosis show frontal and 
central hyperconnectivity in alpha frequencies when viewing 
social videos at 14 months, and the degree of hyperconnectiv-
ity is associated positively with the severity of RRBs at 3 years 
(Orekhova et  al.  2014). Findings were replicated and further 
showed the association was strongest for the circumscribed in-
terest subcategory of RRBs (Haartsen et al. 2019). Reduced left 
fronto-central phase coherence in theta and alpha frequency 
bands during language processing is also seen in 3-month-old 
infants with ASD symptoms at 18 months (Tran et  al.  2021), 
and lower fronto-parietal fc is implicated in 12-month-old high-
risk infants with later ASD diagnosis when listening to speech 
sounds (Righi et al. 2014). Greater ASD severity was predicted 
by lower frontal connectivity and higher right temporoparietal 
connectivity at 3 months (Dickinson et al. 2021).

Ultimately, multiple EEG changes can be detected as early 
as 3 months (Bosl et  al.  2018; Dickinson et  al.  2021; Gabard-
Durnam et  al.  2019; Huberty et  al.  2021; Levin et  al.  2017; 
Tran et  al.  2021) in high-risk infants, and dysmature EEG in 
infants < 48 weeks GA with tuberous sclerosis complex was as-
sociated with a higher likelihood of ASD traits at 24 months. 
Extrapolation of sex differences in FAA and frontal alpha power 
correlations with externalizing behaviors is yet to be replicated 
in infants (Neuhaus et  al.  2023). Nevertheless, while further 
research is needed to validate EEG findings before clinical ap-
plication, ongoing work in developing robust measurements of 
EEG biomarkers by the Eurosibs consortium has shown that 
EEG findings hold great promise for research efforts in diverse 
populations (Jones et al. 2019). EEG as a portable neuroimaging 
tool has also provided access into rural settings for the Brain 
Imaging for Global Health (BRIGHT) project on neurodevelop-
ment, highlighting its potential for increasing the representa-
tion of diverse ethnicities and geographical locations (Lloyd-Fox 
et al. 2024).

6   |   Magnetoencephalography

Magnetoencephalography (MEG) maps brain activity directly 
by recording the magnetic fields mainly arising from postsyn-
aptic currents in cortical neurons (Chen et al. 2019). This allows 
MEG to capture the rapid dynamics of brain processes with mil-
lisecond precision, offering both high temporal and spatial reso-
lution, surpassing that of EEG, especially in spatial capabilities 
(Chen et al. 2019). Although expensive, MEG may stand supe-
rior to MRI due to the absence of loud noises and limited bodily 

space of MRI machines that could be unpleasant for infants 
and young children, particularly those with ASD who possess 
sensory hyperarousal and overstimulation tendencies (Cakar 
et al. 2024; Oldehinkel et al. 2019; Wagner et al. 2023).

6.1   |   Auditory Processing

Both stronger and weaker cerebro-cerebellar fc patterns that 
are correlated with ASD severity are seen in children with ASD 
during speech processing (Alho et al. 2023). Alpha-band event-
related desynchronisation, related to attention, is bilaterally re-
duced in the auditory cortex during audio stimuli (Arutiunian, 
Arcara, Buyanova, Buivolova, et  al.  2023). More interestingly, 
multiple findings agree on a clinically significant delay in 
auditory-evoked M50 and M100 latency in children and adults 
with ASD, which correspond to the neural response of the supe-
rior temporal gyrus, a region containing the primary and sec-
ondary auditory cortices (Berman et al. 2016; Edgar et al. 2015; 
Matsuzaki et al. 2019; Port et al. 2016; Roberts et al. 2019). M100 
latency delay is associated with greater ASD severity (Berman 
et  al.  2016; Port et  al.  2016), and it persists irrespective of the 
expected age-based maturations (Port et al. 2016). Importantly, 
these studies only required passive listening to auditory sounds, 
so they can be performed in minimally verbal or non-verbal chil-
dren with ASD (Kuschner et al. 2021).

It has been hypothesised that this latency delay signifies dis-
rupted simple auditory encoding, arising from an altered de-
velopmental trajectory of the neural components, such as 
synaptic function and white matter conductivity within the 
auditory nerves in ASD. In primary auditory tonotopic maps 
of valproic acid-ASD models, there is over-representation of 
higher frequencies, greater intensity thresholds, and reduced 
receptive field tuning (Anomal et al. 2015). However, they ob-
served shorter neural latencies using EEG (Anomal et al. 2015). 
MEF2C point mutations (McChesney et  al.  2022) and overex-
pression of methyl-CpG binding protein 2 (Zhou et al. 2019) in 
mice are also implicated in synaptic function, auditory latency 
delays, and increased intensity thresholds. In addition to macro-
encephaly, 16p11.2 locus deletion carriers also show MEG M100 
latency delays; however, this was present in both carriers with 
and without ASD (Jenkins III et al. 2015), and 16p11.2 deletion 
consequences on white matter microstructure do not explain the 
conduction delay completely (Berman et al. 2016). Furthermore, 
Lower gamma-aminobutyric acid (GABA) concentration is 
also found in conjunction with delayed M50 latencies in ASD 
(Roberts et al. 2020).

GABA concentration is thought to underlie gamma band power 
(Balz et al. 2016). Reduced auditory steady-state response (ASSR), 
particularly in the gamma band, was associated with language 
impairment in ASD children and adolescents (Arutiunian, 
Arcara, Buyanova, Davydova, et al. 2023; Samoylov et al. 2024; 
Seymour et al. 2020). Localization of the auditory response was 
superior and posterior in TD children (Samoylov et  al.  2024). 
However, ASSR findings are inconsistent, where several studies 
reported no difference between ASD and TD children (Ahlfors 
et  al.  2024; Edgar et  al.  2016; Ono et  al.  2020; Stroganova 
et al. 2020). On top of a typical auditory gamma despite reduced 
GABA concentration, a lack of typical age-related increase in 
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GABA concentration and gamma band coherence maturation is 
also reported (Port et al. 2017). Therefore, as the above studies 
used different ages, the differences in age-related gamma matu-
ration could underlie the mixed results of ASSR.

Hearing impairments from genetic or environmental origins can 
predispose infants to less, or altered early auditory experiences 
that have a contemporaneous relationship with auditory circula-
tory maturation and myelination (Long et al. 2018). As audition 
is closely related to language and learning, auditory alterations 
may pose important implications for ASD manifestations. To 
date, there are no infant MEG studies on auditory processing 
for ASD. Further research is warranted, given the mostly unani-
mous findings that make M100 a promising biomarker.

6.2   |   Face Processing

MEG alterations in face processing have also been implicated in 
ASD. Reduced and absent gamma responses in visual and facial 
emotion processing areas have been reported in children with 
ASD (Hasegawa et al. 2023; Wright et al. 2012). Functional con-
nectivity network alterations in emotional face processing are 
also implicated (Mamashli et al. 2018, 2021; Safar et al. 2021, 
2018), with increased alpha phase synchronisation for happy 
faces that correlates to ASD severity (Safar et  al.  2018) and a 
decrease in age-related gamma connectivity to emotional face 
that markedly opposes the expected age-related increases in TD 
(Safar et al. 2021).

6.3   |   Resting-State Measures

At resting state, children and adolescents with ASD show in-
creased frontal lobe connectivity but decreased connectivity of 
other lobes, which are inversely related to the entropy-based sig-
nal complexity of these areas (Ghanbari et al. 2015). Increased 
local gamma connectivity but reduced long-range gamma 
connectivity are associated with ASD severity (Kitzbichler 
et al. 2015; Lajiness-O'Neill et al. 2018). Significant correlations 
between connectivity strength in large-scale brain networks 
with severity of RRBs and social impairment in children (aged 
2–6 years) are also reported (Taddei et al. 2024). Recently, self-
supervised machine learning of resting-state MEG features 
accurately distinguished between ASD and TD children (aged 
4–7 years; Barik et al. 2024). Sub-threshold ASD can also be de-
tected using graph theory, where individuals who probably have 
ASD, based on their autistic traits in the Social Responsiveness 
Scale, show significantly lower small-worldness across frequency 
bands than those unlikely to have ASD (Constantino  2021; 
Shiota et al. 2022). Perhaps, this system could be used in MEG 
studies of high-risk infants to predict later ASD outcomes.

Although a lack of age-related increase in peak alpha frequency 
(PAF) is found, where adults with ASD have lower PAF, a higher 
PAF in younger male children (< 10 years) is reported (Edgar 
et  al.  2019; Shen et  al.  2024). This suggests PAF could be a 
marker more sensitive for earlier ASD development. However, 
no difference in PAF of children within the same age range is 
also reported (Kameya et al. 2024). Given PAF in EEG was not a 

predictor of ASD at 12 months (Carter Leno et al. 2021), further 
investigation into PAF as an ASD marker in male and female 
infantile ages greater than 12 months is recommended.

Ultimately, there remains a gap in MEG studies investigat-
ing potential neurological markers of ASD in young children, 
let alone high-risk infants, to enable presymptomatic ASD diag-
nosis and, ultimately, early intervention. Recent developments 
of MEG hardware like the BabyMEG (Okada et  al.  2016) and 
Artemis 123 (Roberts et al.  2014) that are optimized for these 
groups will hopefully make this more accessible.

7   |   Pupillometry

Pupillometry is a non-invasive measure of changes in pupil di-
ameter in response to stimuli that have been used to investigate 
ASD (Table  4; Amiez and Procyk  2019). Hyperarousal to the 
environment is a symptom of ASD. It has been hypothesised 
that this signifies an imbalance in autonomic regulation, due 
to altered cortical development, where there is reduced baseline 
parasympathetic activity (Neuhaus et al. 2014). As pupillometry 
describes activity in the locus coeruleus (LC), it acts as a descrip-
tor of autonomic function via the induction of the pupillary light 
reflex (PLR; Granovetter et al. 2020). PLR describes the changes 
in pupil diameter in response to retinal light alterations. It is 
mediated by efferent cranial nerve III that synapses on the cil-
iary ganglion, which houses axons that innervate the pupillary 
muscles, constricting and dilating them in response to light 
and dark, respectively (Amiez and Procyk  2019; Loewenfeld 
and Lowenstein  1993). The pupil constrictor muscle called 
the iris sphincter receives parasympathetic drive, whereas the 
pupil dilator muscle receives sympathetic drive (Loewenfeld 
and Lowenstein  1993). Multiple trials can be conducted effi-
ciently within minutes, granting feasibility for use in infants 
(Granovetter et al. 2020).

7.1   |   Latency

Longer latencies for pupil constriction are seen in children 
(Daluwatte et al. 2013, 2015; Dinalankara et al. 2017) and ad-
olescents (Lynch et  al.  2018). Differentiation between ASD 
and TD was achieved with 73% accuracy (Lynch et  al.  2018). 
Latency delays could be explained by alterations in neural 
transduction, synaptic function, neuronal connectivity, and 
myelination, which are all implicated in ASD (Bourgeron 2015; 
Hull et  al.  2017; Weinstein et  al.  2011). In contrast, however, 
a faster and stronger hypersensitive PLR was observed in 9 
to 10-month-old high-risk infants with later ASD diagnosis 
(Nyström et  al.  2018, 2015). Inconsistencies might arise from 
different methods and testing conditions (e.g., room lighting 
and light stimuli intervals) that can affect PLR response (Bitsios 
et al. 1996). Moreover, age-dependent reductions in PLR latency 
in those TD are reported as present (Kercher et al. 2020), absent 
(Daluwatte et al. 2013), or diminished (Dinalankara et al. 2017) 
in ASD. Interestingly, high-risk infants have shown slower la-
tency reductions from 9 to 14 months, but faster latency reduc-
tions from 14 to 24 months in infants later diagnosed with ASD 
(Fish et al. 2021).
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7.2   |   Amplitude

Reduced constriction amplitudes are reported in high-risk in-
fants (Kercher et al. 2020; Nyström et al. 2018) and children with 
ASD (Daluwatte et al. 2013, 2015). Reduced constriction ampli-
tude, signifying reduced parasympathetic modulation, was cor-
roborated by a greater resting heart rate and was associated with 
poorer sensory behaviors (Daluwatte et al. 2015). Interestingly, 
this observation was not significant for ASD children co-
diagnosed with Asperger's (Daluwatte et  al.  2015). Therefore, 
PLR parameters may be able to differentiate between differ-
ent sub-groups on the autism spectrum to tailor intervention. 
Furthermore, age-related increases in amplitude for TD infants 
in the first year of life are reversed in those later diagnosed with 
ASD (Fish et al. 2021; Kercher et al. 2020; Nyström et al. 2018).

The LC mediates neural gain during attention to tasks (Aston-
Jones and Cohen 2005; Eldar et al. 2013). With high tonic, thus 
low phasic LC activity seen in ASD (Aston-Jones and Cohen 2005; 
Bast et  al.  2023; DiCriscio and Troiani  2021; Granovetter 
et al. 2020; Kim et al. 2022), stemming from an imbalance in 
cortical excitation and inhibition, results in heightened corti-
cal neural gain and thus neural responsivity (Aston-Jones and 
Cohen 2005). The result is increased distractibility and reduced 
task engagement from a reduced ability to shift attention away 
from task-irrelevant information in ASD (Aston-Jones and 
Cohen  2005; Gilzenrat et  al.  2010). This may explain the be-
haviors like fixations, selective attention, and SOR (Bouret and 
Sara 2002; Keehn et al. 2013; Remington et al. 2009).

Indeed, in a group of age- and sex-matched adults with ASD, 
lower task-evoked PLR amplitudes that demonstrate decreased 

phasic responsiveness were observed in the presence of distrac-
tors (Granovetter et al. 2020). The opposite profile would be ex-
pected during increased attentional demand for those TD. The 
amplitude difference was sufficient to differentiate ASD from 
TD participants based on data alone (Granovetter et al. 2020). 
However, more recently, ADHD, but not ASD symptoms, were 
related to tonic and phasic LC indices (Kim et al. 2022). They 
hypothesised that atypical LC activity may not be ASD-specific 
but rather reflects the genetic overlap between ASD and other 
neurological disorders (Cristino et  al.  2014; Geschwind  2011). 
Nonetheless, these findings reinforce the importance of un-
derpinning differences in the developmental trajectory of au-
tonomic function for those with ASD. Delineation of potential 
overlap with other neurological disorders is needed to yield 
ASD-specific measures that can allow more targeted screening.

7.3   |   Resting Pupil Size

Aside from PLR, studies have sought to investigate pupillary an-
atomical differences in children with ASD but have raised incon-
sistent findings. High-risk infants have shown larger pupil sizes 
(Kercher et al. 2020), and no difference (Nyström et al. 2015). 
Larger (Bast et  al.  2023; Kim et  al.  2022), smaller (Martineau 
et al. 2011), and no difference (Bleimeister et al. 2024; Daluwatte 
et  al.  2013; Granovetter et  al.  2020; Nuske et  al.  2014; Zhao 
et al. 2022) in pupil sizes are also reported in children with ASD. 
Each of these studies looked at different ages, so perhaps the 
controversial findings lie in age-dependent changes. Indeed, a 
study observed that pupil size increases with age in TD but not 
ASD children, who instead have decreasing age trends. Children 
aged under 4 with ASD had a larger pupil size, whereas those 

TABLE 4    |    Pupillometry biomarkers for < 2 years olds.

No. Author Region Population Findings

1 Nyström et al. (2015) Sweden Infants 10 months old
n = 44 (21/23, male/female)

1.  Faster and stronger hypersensitive PLR in 
those with later ASD diagnosis

2.  No difference in pupil size

2 Nyström et al. (2018) Sweden 
and United 
Kingdom — 

Part of BASIS

Infants 9 to 10 months old
n = 187 (98/89, male/female)

1.  Faster and stronger hypersensitive PLR in 
those with later ASD diagnosis

2.  Reduced constriction amplitudes
3.  Age-related increases in amplitude for TD 

infants is reversed in those later diagnosed 
with ASD

3 Kercher et al. (2020) United States Infants 6 to 24 months old
n = 42 (Approximately 50% 

males and 50% females)

1.  Age-dependent reductions in PLR latency
2.  Reduced constriction amplitudes
3.  Age-related increases in amplitude for TD 

infants is reversed in those later diagnosed 
with ASD

4.  Larger pupil sizes

4 Fish et al. (2021) United 
Kingdom — 

Part of BASIS 
and STAARS

Infants 9 to 24 months old
n = 264 (121/143, 

male/female)

1.  Slower PLR latency reductions from 9 to 
14 months, but faster latency reductions from 
14 to 24 months in infants later diagnosed 
ASD

2.  Age-related increases in amplitude for TD 
infants is reversed in those later diagnosed 
with ASD
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older than 4 had a smaller pupil size than those TD (Dinalankara 
et al. 2017). Increased sympathetic drive would result in large 
pupil sizes and increased sweating (Daluwatte et  al.  2013; 
Ellaway et  al.  2010). Therefore, (Dinalankara et  al.  2017) hy-
pothesised that these ASD pupil size disparities may result from 
sympathetic dysregulation. However, they did not find an asso-
ciation between larger pupil size and sweat levels in ASD chil-
dren, despite an association being confirmed in TD children.

These pupillometry studies point to both latency and amplitude 
changes, underlined by parasympathetic and possible sympa-
thetic dysregulation. These highlight the importance of under-
standing the mechanisms behind autonomic dysfunction as a 
neurological biomarker. To improve comparability, consistent 
and replicable pupillometry methods and conditions are advised 
for future studies. Participant comfort also needs to be consid-
ered as anxiety signaling sympathetic activity could interfere 
with PLR interpretation reliability (Keil et al. 2018). Given the 
gap in infant studies and the existing studies yielding distinct 
differences to older autistic children, more infant studies are 
needed to validate the earliest PLR markers for ASD to delineate 
potential presymptomatic ASD diagnosis.

8   |   Others

Eye-tracking measures have emerged as a cost-effective neu-
rophysiological method for early ASD diagnosis, particularly 
notable for its utility in large-scale studies (Frazier et al. 2018). 
Preference for non-social stimuli in a subtype of ASD has been 
shown in a large sample of 1863 toddlers (Wen et al. 2022). This 
preference was associated with increased symptom severity 
(Pierce et  al.  2016), suggesting potential for enhancing diag-
nostic accuracy (Keehn et al. 2024). Moreover, reduced social-
visual engagement has been proven to be a reliable diagnostic 
biomarker in children younger than 3 years old (Jones, Klaiman, 
Richardson, Aoki, et  al.  2023; Jones, Klaiman, Richardson, 
Lambha, et  al.  2023). Recent studies in small samples of in-
fants that examined gaze following, specifically on tracking 
eyes and mouth during word learning, underscore the utility 
of eye-tracking for early ASD detection (Camero et al. 2023; Fu 
et al. 2024). Furthermore, atypical visual attention disengage-
ment in infants has been highlighted as a potential early indica-
tor of ASD risk (Bryson et al. 2018; Elison et al. 2013; Elsabbagh 
et  al.  2013; Keehn et  al.  2024). However, the specific behav-
ior of attentional disengagement has shown varied efficacy, 
being more pronounced in predicting ASD in boys (Bedford 
et al. 2016). These preliminary findings stress the potential of in-
tegrating eye-tracking indices to aid early ASD diagnosis, pend-
ing further validation and practical application considerations.

Ultrasonography has shown that ASD children more frequently 
present with fetal anomalies compared to their TD peers, with 
notable differences between genders in ASD, where females dis-
play more anomalies (Regev et al. 2022). These anomalies have 
been linked to genetic variants, particularly loss-of-function 
mutations, emphasizing the importance of genetic screening in 
understanding ASD severity (Regev et al. 2024). Recently, ma-
chine learning applied to prenatal anatomical ultrasounds has 
demonstrated a 77% positive predictive value in distinguishing 
ASD cases, with significant biomarkers identified from common 

pregnancy screenings such as maternal family history, femur 
length, and white blood cell count in the 3rd trimester (Caly 
et  al.  2021). Other emerging physiological biomarkers include 
infant electrocardiography signal features such as heart rate 
variability (Tilwani et al. 2023), and infant vocal characteristics 
(e.g., F0, phonation, amplitude; Pusil et al. 2025), offering new 
avenues for early detection, potentially accessible and scalable 
across various settings.

9   |   Non-Neurological Biomarkers

While this review outlines the genetic and neurological markers 
of ASD, there is a variety of non-neurological biomarkers that 
also display potential for presymptomatic detection and early 
intervention. These include metabolic, protein, and peptide-
based markers that can be identified through simple blood and 
saliva tests.

Among the promising developments, a study has linked sev-
eral newborn (7 of 36) blood screening analytes, including 17 
17-hydroxyprogesterone, phenylalanine/tyrosine, and acylcar-
nitines, with a later diagnosis of ASD, highlighting their po-
tential to contribute to early intervention strategies (Canfield 
et al. 2019). Furthermore, an algorithm has been developed to 
classify children aged 5 to 12 years old into ASD or typically 
developing (TD) groups based on blood test features, including 
plasma protein glycation, oxidation, and nitration adduct mark-
ers (Al-Saei et al. 2024; Anwar et al. 2018). However, lowering 
the minimum inclusion age from 5 years in the discovery study 
(Anwar et al. 2018) to 1.5 years reduced the accuracy for classi-
fying whether children had ASD or were typically developing 
(Al-Saei et al. 2024). In addition, salivary biomarkers, such as 
early postnatal testosterone levels, have been examined in 1- to 
3-month-old infants, but have shown no significant correla-
tion with later autistic trait scores (Kung et al. 2016). While a 
range of protein-, peptide-, and metabolite-based biomarkers 
have been identified (see review Shen et al. 2020), there remains 
insufficient research on these markers in very young children 
(< 5 years), and even more so for infants (< 2 years). Nonetheless, 
these biomarkers present a practical, less costly alternative to 
advanced diagnostic technologies such as MRI, making them 
particularly valuable in resource-limited settings.

10   |   Ethical and Social Implications of 
Presymptomatic Testing and ASD Diagnosis

The prospect of presymptomatic diagnosis of ASD raises im-
portant ethical and practical issues for researchers, autistic 
individuals and their families, and society, which are largely be-
yond the scope of this review (MacDuffie et al. 2021; Wolff and 
Piven 2021). Factors to be considered include, but are not limited 
to, the optimal age and population to screen, for example, high-
risk populations compared with general population screening; 
the impact of false positive and false negative diagnoses on chil-
dren, their families and available resources; the heterogeneity of 
ASD and the positive contribution of neurodiversity to society; 
the need to establish early diagnosis of ASD to progress with clin-
ical trials and the development of more effective intervention; 
and the resource implications of presymptomatic intervention 
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when early intervention therapies are often constrained. Early 
qualitative research into parental opinions regarding predictive 
testing indicates that parents generally favor an earlier diagnosis 
(Vanaken et al. 2023; Washington et al. 2024), but careful con-
sultation with consumers and community stakeholders will be 
required before the implementation of proven presymptomatic 
diagnostic methods in the clinical setting.

11   |   Limitations and Considerations

The current review acknowledges several limitations that warrant 
consideration when interpreting the findings. We focused on phys-
iological biomarkers, which, while potentially transformative for 
presymptomatic diagnosis of ASD, present challenges in terms of 
cost and accessibility. Unlike metabolic or genetic markers, which 
are typically utilized after an ASD diagnosis has been established 
based on clinical symptoms, physiological biomarkers offer the 
advantage of potentially identifying ASD before behavioral symp-
toms fully manifest. However, the higher costs and limited acces-
sibility of technologies required for measuring such biomarkers, 
including MRI, EEG, and MEG, may restrict their widespread ap-
plication, particularly in resource-limited settings. Furthermore, 
the current study's scope is limited by its population size and 
geographic coverage. The majority of the data stems from specific 
regions, primarily the United States and European nations, which 
do not fully represent global populations and often underrepre-
sent less researched and more vulnerable countries. This concern 
necessitates future research involving larger and more diverse in-
ternational participants to ensure the findings are broadly appli-
cable. Any generalization from the results of this study to broader 
ASD populations should therefore be approached with caution 
until more expansive studies are conducted.

While the majority of studies discussed in this review feature 
cohorts with comparable numbers of male and female partici-
pants, the significant sex differences observed in normal brain 
development underline the importance of targeted studies on 
these variations. Research has shown that males and females 
exhibit distinct patterns of brain growth and maturation, such 
as differences in frontal white matter volume asymmetry and 
occipital lobe surface measured by MRI imaging (Studholme 
et al. 2020). Longitudinal studies showed different developmen-
tal trajectories in brain regions heavily influenced by sex steroid 
receptors, such as the basal ganglia, hippocampus, and amyg-
dala (Giedd et  al.  2012; Lenroot and Giedd  2010). Moreover, 
functional MRI and EEG studies have revealed distinct cog-
nitive and neural processing patterns between males and fe-
males, for instance, in microstate dynamics (Zhang et al. 2020; 
Tomescu et al. 2018). Furthermore, genetic studies suggest that 
the genetic makeup contributing to ASD risk may differ by sex, 
with females potentially requiring a higher genetic load to man-
ifest ASD (Jacquemont et al. 2014). These findings underscore 
the complexity of developing ASD biomarkers that are reflective 
of the underlying pathology and not merely indicative of nor-
mal sex differences. Indeed, it has been suggested that females 
with ASD may exhibit less overt symptoms and different neu-
roanatomical patterns compared to males, necessitating the 
development of sex-specific biomarkers or the adjustment of 
existing biomarkers to account for these differences (Halladay 
et  al.  2015). Future biomarker development efforts must, 

therefore, include balanced sex representation and consider sex 
as a critical variable in both the research and application phases 
of biomarker validation.

12   |   Conclusion and Future Directions

At present, the biomarkers developed for presymptomatic detec-
tion of ASD are still largely in experimental stages. The efficacy 
of these biomarkers is complicated by the heterogeneous nature 
of ASD, compounded by limitations in environmental factors 
and variability in study designs, including limitations related 
to participant age, sex, geographical location, and sample size. 
Relative to other biomarkers, MRI and EEG appear promising 
for early, presymptomatic identification of ASD, especially in 
high-risk infants. Studies suggest that abnormalities in brain 
connectivity and structure detectable by these methods as 
early as 6 months old may predict later ASD diagnoses and be-
havioral outcomes with notable accuracy. Genetic biomarkers, 
despite extensive research and the identification of numerous 
ASD-associated genes, face challenges in clinical application 
as presymptomatic diagnostic tools due to their complexity and 
heterogeneity of genetic influences on ASD. Standardized pre-
natal testing to target genetic markers presymptomatically re-
mains challenging in clinical practice. Similarly, metabolic and 
non-neurological biomarkers, such as those derived from blood 
or saliva analyses, are still in preliminary stages of research and 
lack the extensive validation required for widespread clinical 
implementation as presymptomatic tools at this stage.

Future studies should aim to incorporate large equal-sex lon-
gitudinal infant participants across all risk levels to determine 
commonalities among those who do and do not receive a diag-
nosis of ASD. In addition, meta-analyses of diagnostic accura-
cies and evaluation of appropriate guidelines are warranted to 
understand the absolute feasibility of implementing biomarker 
screening in practice. Moreover, a continued understanding of 
the underlying biological and genetic processes of these bio-
markers is required for a comprehensive grasp of ASD origin 
and consequences. Multimodal research, including behavioural, 
genetic, and neuroimaging/electrophysiological participant 
data, will be of fundamental relevance to this objective.
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