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ABSTRACT

Neurodevelopmental disorders encompass a diverse set of conditions marked by disturbances in brain function and
development. These disorders, such as Attention-Deficit/Hyperactivity Disorder, Autism Spectrum Disorder, and In-
tellectual Disabilities, become apparent early in childhood and significantly impact daily functioning and well-being.
As the prevalence of these conditions continues to rise, there is an urgent need for effective early detection methods.
Innovations in biomarkers, machine learning, and neuroimaging techniques, such as functional magnetic resonance
imaging, electroencephalography, and magnetic resonance imaging, provide essential information about the underly-
ing biological mechanisms associated with these disorders. This review provides a comprehensive overview of neu-
rodevelopmental disorders and their impact on specific cognitive brain regions. It explores emerging detection meth-
ods, including biomarkers, machine learning, and advanced neuroimaging, and their clinical applications in assessing
and diagnosing these conditions. The utilization of genetic markers, specific biochemical indicators, and sophisticated
algorithms holds great promise in enhancing diagnostic accuracy and personalizing treatment strategies. Early detec-
tion is paramount for improving intervention outcomes and tailoring treatment approaches, promising a more com-
prehensive understanding and improved outcomes for individuals with neurodevelopmental disorders in the future.

Introduction

Neurodevelopmental disorders are a group of diverse conditions characterized by disruptions in brain function and
development, leading to impairments in cognition, behavior, and social interaction. These disorders manifest early in
childhood, significantly impacting daily functioning and overall quality of life [1]. Rooted in abnormalities or disrup-
tions during nervous system development, they can be influenced by genetic, environmental, or combined factors [2].

Attention-Deficit/Hyperactivity Disorder (ADHD), Autism Spectrum Disorder (ASD), and Intellectual Dis-
abilities (ID) are among the more common neurodevelopmental disorders [3]. ADHD, ASD, and ID primarily give
rise to challenges in cognitive function, such as difficulties in attention and impulsivity (ADHD), social interaction
and communication (ASD), and intellectual abilities (ID), leading to impairments in daily functioning [4]. Frequently,
these disorders co-occur with other mental health conditions, highlighting their complex and overlapping nature [5].

Data reveals an upward trend in diagnoses among children aged 3-17 years in the United States. For instance,
the percentage of children diagnosed with a developmental disability increased from 16.2% in 2009-2011 to 17.8% in
2015-2017. Specifically, ADHD diagnoses rose from 8.5% to 9.5%, ASD diagnoses from 1.1% to 2.5%, and ID di-
agnoses from 0.9% to 1.2% during the same time period [6]. These disorders have a profound impact on individuals
and society as a whole and impose significant burdens on affected individuals, their families, and the healthcare sys-
tem. Given the rising prevalence rates, there is an urgent need for effective methods to detect these disorders early,
allowing for timely intervention and improved outcomes.

Neurodevelopmental disorders are diagnosed using a range of traditional clinical assessments, which are the
most widely used forms of detection. Developmental tests examine a child's progress in key domains like motor,
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language, and cognitive skills. IQ tests evaluate intellectual abilities, while behavioral assessments shed light on be-
havioral patterns and social aptitude. Furthermore, speech and language assessments are essential for gauging a child's
communication and linguistic development.

Novel detection approaches play a pivotal role in advancing our understanding of neurodevelopmental dis-
orders. Biomarkers, such as genetic markers or specific biochemical indicators, offer valuable insights into the under-
lying biological processes associated with neurodevelopmental disorders [7, 14]. Machine learning techniques, with
the ability to analyze complex datasets and identify patterns, contribute to improved diagnostic accuracy and person-
alized treatment strategies [8, 9]. Functional Magnetic Resonance Imaging (fMRI), Electroencephalography (EEG),
and Magnetic Resonance Imaging (MRI) provide non-invasive tools to examine brain structure, connectivity, and
activity, offering valuable information about neural correlates and abnormalities in individuals with neurodevelop-
mental disorders [10, 11, 12]. Additionally, eye tracking technology allows for the assessment of gaze patterns, expli-
cating attentional processes and social interaction [13]. With a multitude of new technologies and innovative ideas on
the horizon, there is a promising outlook for furthering our knowledge and enhancing interventions in this critical field
of research.

Overview of Neurodevelopmental Disorders

Attention-Deficit/Hyperactivity Disorder

ADHD is a prevalent neurodevelopmental disorder affecting approximately 9% of children and continuing into adult-
hood in around 4% of cases [15]. It is characterized by persistent patterns of inattention, impulsivity, and hyperactivity,
significantly impairing academic, occupational, and social functioning [16]. The core symptoms include difficulty
sustaining attention, making careless mistakes, impulsivity, restlessness, and constant fidgeting. ADHD is classified
into three subtypes based on presentation: Predominantly Inattentive, Predominantly Hyperactive-Impulsive, and
Combined [17, 18]. This disorder profoundly impacts academic performance, social relationships, and overall well-
being, often co-occurring with other mental health conditions like anxiety [19]. While the exact causes of ADHD
remain unclear, it is believed to result from a combination of genetic, neurological, and environmental factors [20].

Studies have highlighted the involvement of specific brain regions in ADHD symptomatology. The frontal
cortex, particularly the prefrontal cortex, plays a crucial role in executive functions like attention, working memory,
impulse control, and decision-making (Figure 1). Deficits in these functions lead to challenges in sustained attention,
organization, planning, and inhibiting impulsive behaviors [21]. Additionally, dysregulation in the limbic system,
responsible for regulating emotions, motivation, and reward processing, has been associated with difficulties in emo-
tional regulation, hyperactivity, and impulsivity [22]. The basal ganglia, situated deep within the brain, are involved
in motor control, habit formation, and cognitive regulation. Abnormalities in this region are linked to ADHD symp-
toms, particularly motor hyperactivity and impaired inhibitory control [23, 24].

Autism Spectrum Disorder

ASD is a neurodevelopmental condition characterized by persistent deficits in social communication and interaction,
alongside restricted and repetitive patterns of behavior, interests, or activities. Typically, signs of ASD begin to emerge
in early childhood, often becoming noticeable around the age of 2 or 3 [25]. Individuals with ASD may struggle with
various aspects of social interaction, such as understanding social cues, maintaining eye contact, engaging in reciprocal
conversations, and forming friendships [26]. They may also exhibit repetitive body movements, rigid adherence to
routines, intense fixations on specific topics, and sensory sensitivities.

ASD is a spectrum disorder, meaning its severity and presentation can vary significantly among individuals.
While some individuals may display milder symptoms and can live a relatively independent life, others may face more
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severe challenges and require substantial support [27]. Several areas of the brain are implicated in ASD (Figure 1).
The prefrontal cortex (PFC), essential for executive functions and social cognition, shows altered connectivity and
activity in individuals with ASD. The orbitofrontal cortex (OFC), involved in decision-making and emotional pro-
cessing, is also implicated, potentially contributing to challenges in social interactions and emotional understanding
[28, 29]. Additionally, the amygdala, responsible for processing emotions and social behavior, exhibits dysfunction
and atypical connectivity, which correlates with the social and emotional difficulties experienced by those with ASD
[30]. The temporoparietal cortex (TPC), responsible for social perception and theory of mind, shows structural and
functional differences in individuals with ASD [31]. Research suggests that altered connectivity and activity within
these brain regions may contribute to the social and emotional difficulties seen in individuals with ASD.

Intellectual Disability

ID, also referred to as intellectual developmental disorder, is a neurodevelopmental condition characterized by limi-
tations in both intellectual functioning and adaptive behavior [32]. It is typically diagnosed in childhood and is asso-
ciated with significant impairments in cognitive abilities, affecting reasoning, problem-solving, learning, and general
mental functioning [33]. Individuals with ID may encounter challenges in various areas, including communication,
self-care, social interactions, and independent living skills [34]. The severity of ID can vary, ranging from mild to
profound, with classification often based on the individual's IQ score [35]. Common causes of intellectual disability
encompass genetic factors, prenatal and perinatal complications, exposure to toxins or infections during pregnancy,
and certain medical conditions or syndromes [36].

The brain regions implicated in ID include the frontal cortex and the hippocampus (Figure 1). The frontal
cortex, particularly the prefrontal cortex, plays a crucial role in higher-order cognitive processes, such as problem-
solving, decision-making, attention, and working memory. Individuals with ID may exhibit reduced volume, structural
abnormalities, or altered connectivity within the frontal cortex, contributing to their cognitive impairments [37]. The
hippocampus, involved in learning, memory consolidation, and spatial navigation, has also shown structural and func-
tional differences in some individuals with ID, which can impact their learning and memory abilities [38].

ID
Cortical Association: prefrontal cortex
Limbic Association: hippocampus

ADHD

Cortical Association: prefrontal cortex
Limbic Association: hippocampus

Cortical Association: prefrontal cortex,
temporoparietal cortex
Limbic Association: amygdala

Figure 1. Neurodevelopmental disorders and the primary regions of the brain that they affect. ID: Intellectual Disa-
bility. ADHD: Attention-Deficit/Hyperactivity Disorder. ASD: Autism Spectrum Disorder.
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Detection Methods for Neurodevelopmental Disorders

Detection and diagnosis of neurodevelopmental disorders rely on a range of methodologies, encompassing both tra-
ditional and innovative approaches. Notably, biomarkers, machine learning algorithms, functional magnetic resonance
imaging (fMRI), electroencephalography (EEG), magnetic resonance imaging (MRI), and eye tracking techniques are
novel methods that offer valuable insights into the assessment and characterization of these conditions.

Table 1 provides an overview of the current and emerging detection methods used for neurodevelopmental
disorders and their general clinical applications. The subsequent sections offer detailed descriptions of these methods
and their relevance to the field of neurodevelopmental disorders.

Table 1. Detection Methods Utilized for Neurodevelopmental Disorders in Clinical Assessment

Method Clinical Applications

Biomarkers Cancers, cardiovascular disease, genetic disorders, immunological disorders, dia-
betes, ASD, Alzheimer’s disease, Parkinson’s disease, ADHD

Machine Learning Cancers, heart disorders, lung disorders, genetic disorders, ASD, ID

Functional Magnetic Reso- | ADHD, Alzheimer’s disease, Parkinson’s disease, epilepsy, schizophrenia, tu-
nance Imaging (fMRI) mors, ASD

Electroencephalography Epilepsy, sleep disorders, brain tumors, dementia, behavioral disorders, ADHD

Magnetic Resonance Imaging | Multiple sclerosis, tumors, stroke, dementia, traumatic brain injury, brain aneu-
(MRI) rysms, carotid artery disease, spinal cord disorders, ASD

Eye Tracking ASD, Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, schizo-
phrenia, ADHD

(ASD=Autism Spectrum Disorder, ID=Intellectual Disability, ADHD=Attention-Deficit/Hyperactivity Disorder)
References- [7, 39-57, 59, 81]

Biomarkers

Biomarkers, which encompass biological indicators or measurements that can provide objective information about the
presence, severity, or progression of a disorder, have emerged as promising tools for early detection by potentially
being able to identify information such as specific genetic variations or abnormal levels of neurotransmitters [7]. These
molecular or physiological indicators can be measured and provide valuable insights into disease progression, treat-
ment response, and patient stratification.

To identify biomarkers in the brain, researchers employ various techniques such as neuroimaging, genetic analysis,
and molecular profiling. For instance, genetic biomarkers, such as specific gene variants or mutations, can be analyzed
to understand the genetic basis of brain disorders. Genetic markers, such as the dopamine receptor D4 (DRD4) gene
and its 7-repeat allele, have been studied extensively in relation to ADHD [58, 59, 60]. The DRD4 gene codes for a
protein involved in dopamine neurotransmission, which plays a key role in attention and reward processing. The 7-
repeat allele refers to a specific genetic variation in the DRD4 gene, where seven repeats of a specific DNA sequence
are present. Research has shown that individuals carrying the 7-repeat allele of the DRD4 gene are more susceptible
to ADHD [61, 62]. This genetic marker has been connected to modifications in the functioning of dopamine pathways
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within the brain. These alterations can contribute to disruptions in neural communication, potentially leading to chal-
lenges in cognitive regulation and behavioral control. Consequently, these changes in dopamine-related pathways
could play a role in the development of conditions like ADHD, where difficulties extend beyond just attention and
impulsivity and encompass broader cognitive and behavioral aspects.

Regarding intellectual disability, some genetic biomarkers include copy number variations (CNVs), single-
nucleotide polymorphisms (SNPs), and microdeletions/microduplications. CNVs and SNPs have been associated with
various intellectual disabilities [63]. However, arguments against their use include the complexity of interpreting their
functional significance, the potential involvement of multiple genes, and the challenges in distinguishing between
pathogenic and benign variations [64].

Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) offers detailed structural images of the brain, aiding in the identification of ana-
tomical differences or abnormalities [65]. By utilizing powerful magnetic fields and radio waves, MRI can generate
high-resolution images for researchers to assess variations in brain structures between affected individuals and typi-
cally developing individuals. This non-invasive imaging technique is valuable in the early recognition and understand-
ing of neurodevelopmental disorders such as ASD.

In ASD research, MRI plays a crucial role in investigating alterations in brain regions associated with social
communication, language processing, and emotional regulation. The precise imaging provided by MRI allows for the
identification of subtle morphological changes that may not be apparent through traditional diagnostic methods [66].
Moreover, longitudinal MRI studies enable the tracking of brain development over time in individuals with ASD,
explaining the dynamic nature of the disorder and its potential neurological basis and potentially leading to earlier
interventions and improved outcomes for affected individuals [67].

MRI can provide measurements of brain volumes, cortical thickness, and connectivity patterns, facilitating
the investigation of potential biomarkers or neural correlates associated with these conditions [68, 69]. MRI's capabil-
ity to visualize the brain in three-dimensional detail allows the identification of specific regions of interest, expounding
the neurobiological basis of various cognitive and emotional processes.

Functional Magnetic Resonance Imaging (fMRI)

Functional Magnetic Resonance Imaging (fMRI) enables researchers to observe brain activity and connectivity,
providing insights into the neural foundation of developmental disorders [10]. By measuring changes in blood oxy-
genation levels, fMRI detects alterations in regional cerebral blood flow, indicating brain areas engaged during spe-
cific tasks or cognitive processes. This non-invasive technique relies on the principles of the blood oxygenation level-
dependent (BOLD) contrast, in which neural activity leads to local changes in oxygen consumption and subsequent
variations in blood oxygenation. These changes can be detected by fMRI, which captures the differences in magnetic
properties between oxygenated and deoxygenated blood [70].

During an fMRI scan, participants are typically instructed to perform specific tasks or engage in cognitive
processes while their brain activity is measured. The resulting data is then analyzed to identify patterns of brain acti-
vation associated with the task or cognitive process of interest [71]. Comparing these activation patterns between
individuals with neurodevelopmental disorders and typical developing individuals would allow researchers to identify
differences in brain function that may be linked to the disorder.

People with neurodevelopmental disorders may have problems doing cognitive tasks required during fMRI.
This is because these disorders can affect a person's attention, memory, and executive function, which are all important
for performing these tasks. For example, children with ADHD have more difficulty than typically developing children
on a task that requires them to maintain attention to a visual stimulus while ignoring irrelevant stimuli [72].
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Researchers must consider these limitations and implement appropriate adjustments to account for individual
differences in task performance while interpreting fMRI data accurately. Furthermore, fMRI can provide insights into
the functional connectivity between different brain regions. By examining the synchronized activity of different brain
regions during rest or task-based conditions, researchers can identify functional networks and assess their integrity
and efficiency [73]. Disruptions in functional connectivity may reveal aberrant neural circuitry associated with neu-
rodevelopmental disorders.

Machine Learning

Machine learning techniques, including artificial intelligence algorithms, offer the potential to analyze vast amounts
of data and identify patterns that may be indicative of specific neurodevelopmental conditions [8]. For brain imaging,
machine learning algorithms can be employed to process imaging data and extract meaningful information about brain
activity [74, 75].

To improve the interpretability of machine learning models in neuroscience, researchers have employed tech-
niques such as feature visualization and attribution. These methods allow for the identification of specific brain regions
and functional connections that contribute most significantly to the model's predictions, elucidating the underlying
neural mechanisms of neurodevelopmental conditions [76, 77]. Researchers have utilized machine learning to study
fMRI data to identify brain activity patterns associated with ASD. By training machine learning models on large
datasets of fMRI scans, researchers have identified brain regions and networks with up to 97% accuracy [78].

Machine learning techniques can also be used to improve brain-computer interfaces (BCIs). These interfaces
allow individuals with severe motor impairments to control external devices using their brain signals. By employing
machine learning algorithms, BCIs can learn to interpret patterns in electrocorticography (ECoG) or electroenceph-
alography (EEG) signals, enabling precise decoding of users' intentions and enhancing the efficiency and accuracy of
these assistive technologies [79, 80].

Electroencephalography (EEG)

Electroencephalography (EEG) measures electrical activity in the brain, allowing for the examination of neural oscil-
lations and event-related potentials associated with neurodevelopmental disorders. By placing electrodes on the scalp,
EEG records the brain's spontaneous electrical activity, enabling researchers and clinicians to assess brain activity in
real-time non-invasively [82].

EEG has proven to be potentially used in identifying biomarkers for various neurodevelopmental disorders
like ASD and ADHD [83, 84]. In the case of ADHD, EEG studies have revealed characteristic patterns, such as
increased theta and decreased beta waves in frontal brain regions, reflecting altered attentional and executive functions
[85]. Sophisticated analysis of EEG data, utilizing techniques like time-frequency analysis and connectivity analysis,
can reveal distinct neural signatures associated with specific conditions, aiding in differential diagnosis and personal-
ized treatment strategies [86].

Recent advancements in EEG technology, such as high-density and mobile EEG systems, create better spatial
and temporal resolution, allowing researchers to be able to pinpoint the precise brain regions and dynamics underlying
neurodevelopmental disorders [87]. Integrating EEG with fMRI further enhances the understanding of brain networks
and connectivity.

Eye Tracking
Eye tracking technology allows for the precise measurement and analysis of gaze patterns, providing information

about attentional processes and social interaction in individuals with neurodevelopmental disorders. Eye tracking
works by utilizing specialized cameras and sensors to monitor and record the precise movements of the eyes, which
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help understand an individuals’ mental state and the cognitive processes involved in attention, perception, and social
engagement [88].

Researchers have utilized eye tracking to identify early markers of ASD by analyzing gaze behaviors in
young children during social interactions. Eye tracking data was collected from infants at high risk for ASD and
typically developing infants during behavioral assessments. The results revealed significant differences in gaze pat-
terns, with infants later diagnosed with ASD showing reduced attention to social cues compared to their typically
developing counterparts [89].

Furthermore, eye tracking studies have been instrumental in understanding the impact of attention deficits in
ADHD. Eye tracking data was collected from children diagnosed with ADHD during a task. The findings demon-
strated altered gaze patterns in children with ADHD, reflecting difficulties in maintaining attention to task-relevant
stimuli [90].

Methods

The existing literature was initially selected by identifying the fundamental papers in the field. These papers were
chosen by employing key search terms such as "neurodevelopmental disorders" and "early detection methods." Ex-
panding on this, additional papers were acquired by utilizing more advanced search terminology and targeting specific
early detection methods, such as "electroencephalography" and "functional magnetic resonance imaging," for more
comprehensive investigation. Careful consideration was given to discern which papers exemplified the utilization of
these methods in detecting neurodevelopmental disorders. A thorough search was conducted on various websites,
including PubMed and NCBI.gov, to gather diverse papers covering the methods deemed essential for the accurate
detection of neurodevelopmental disorders.

Future Directions

Early detection methods for neurodevelopmental disorders hold immense promise in improving intervention out-
comes. Advancements in technology, such as biomarkers, machine learning algorithms, and neuroimaging techniques
like fMRI, EEG, and MRI, contribute significant observations into the underlying biological processes associated with
these conditions. By refining biomarkers and integrating machine learning with diverse data sources, diagnostic accu-
racy can be enhanced, leading to personalized treatment strategies.

Furthermore, the development of more sophisticated neuroimaging techniques, like high-density EEG and
mobile EEG, can provide precise brain activity and connectivity patterns associated with these disorders. Non-invasive
neurostimulation techniques, such as transcranial magnetic stimulation (TMS) and transcranial direct current stimula-
tion (tDCS), show potential as adjunctive therapies [91]. In addition to brain examination, focusing on observing
behavioral patterns, social interactions, and developmental milestones can complement early detection methods. In-
corporating continuous advancements in the creation of innovative early detection approaches and reevaluating exist-
ing methodologies have the potential to significantly enhance the efficacy of treatments for individuals with neurode-
velopmental disorders.

Conclusions

Neurodevelopmental disorders, including Attention-Deficit/Hyperactivity Disorder (ADHD), Autism Spectrum Dis-
order (ASD), and Intellectual Disabilities (ID), are complex conditions with diverse underlying causes and manifes-
tations. The prevalence of these disorders is on the rise, underscoring the importance of early detection. Emerging
approaches for detection, such as biomarkers, machine learning algorithms, and advanced neuroimaging methods,
hold immense potential in enhancing diagnostic precision and tailoring treatment approaches for individuals. The
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integration of these innovative approaches with behavioral observations and developmental milestones may lead to
more effective interventions, enhancing the quality of life for affected individuals and their families. Continued re-
search and advancements in early detection methods hold the key to better understanding and addressing the chal-
lenges posed by neurodevelopmental disorders in the future.
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