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Abstract. Attention Deficit Hyperactivity Disorder (ADHD) is characterized by persistent
symptoms of hyperactivity, impulsivity, and inattention, presenting significant challenges in
daily functioning. Diagnosing ADHD, particularly in adulthood, can be intricate due to symptom
overlap with other disorders and the subjective nature of behavioral assessments. However,
advancements in neuroimaging techniques have illuminated the neurological underpinnings of
ADHD, offering a more objective approach to understanding and diagnosing this
neurodevelopmental condition. Neuroimaging technologies such as Electroencephalography
(EEG), Near-Infrared Spectroscopy (NIRS), and Functional Magnetic Resonance Imaging
(fMRI) have been pivotal in mapping the brain's functional and structural anomalies associated
with ADHD.This review synthesizes the application of neuroimaging in the diagnosis of ADHD,
encompassing EEG, fMRI, and NIRS. It discusses the potential and limitations of these
technologies in assessing brain function and structure alterations in individuals with ADHD and
explores their prospects for clinical application. As we conclude and look ahead, the continuous
progress in technology and research is set to make neuroimaging an increasingly vital component
in the diagnosis and treatment of ADHD. It promises to deliver more personalized and precise
therapeutic approaches for individuals affected by this disorder.
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1. Introduction

A complex web of factors interacts to cause Attention Deficit Hyperactivity illness (ADHD), a
neurodevelopmental illness that is widely prevalent. Characterized by inattention, hyperactivity,
impulsivity, and cognitive deficits, ADHD poses challenges in learning and can significantly affect
individuals' academic, occupational, and social functioning throughout their lifespan. Additionally,
ADHD is often associated with various comorbidities. According to recent studies, there is no
discernible regional variation in the prevalence of ADHD, which is estimated to be 5.6% in school-aged
children and 2.58% in adults [1, 2].

Traditional ADHD diagnosis has relied on clinical interviews and behavioral assessments, which,
while valuable, are inherently limited by the subjectivity of human observation and interpretation. The
quest for more objective diagnostic tools has spurred interest in neurotechnology, offering a potential
bridge between the clinical assessment and the underlying neurological mechanisms of ADHD.
Neurotechnology represents a cutting-edge field that harnesses an array of sophisticated methodologies
and tools to delve into the intricacies of brain function and structure. At the vanguard of this exploration
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are Brain-Computer Interfaces (BCI), which facilitate communication between the brain and external
devices, offering a novel approach to understanding cognitive processes. Complementing BCI are
advanced neuroimaging techniques that provide detailed visualizations of brain activity, enabling
researchers to observe the dynamic interplay of neural networks in real-time.

This scholarly review endeavors to distill the essence of contemporary scholarly discourse, focusing
on the transformative role of neurotechnology within the diagnostic and therapeutic domains of ADHD.
It meticulously examines the application of the latest neurotechnological tools, including
Electroencephalography (EEG), Functional Magnetic Resonance Imaging (fMRI), and Near-Infrared
Spectroscopy (NIRS). These innovative methods provide a multifaceted perspective on ADHD,
enabling more precise and prompter diagnostic and therapeutic approaches.

Moreover, the article delves into the horizon of emerging neurotechnological advancements, which
hold the promise of refining diagnostic accuracy and broadening the reach of these technologies. The
pursuit of these developments is driven by a commitment to augment current diagnostic methodologies
and to deepen our grasp of the intricate nature of ADHD.

2. Neurodevelopmental overview of ADHD

ADHD, a condition rooted in neurodevelopment, exerts a profound influence on cognitive and
behavioral aspects of an individual's life. The figure 1 provides an overview of neurodevelopmental
disorders, highlighting ADHD among other conditions. The ensuing segment delves into an exhaustive
examination of ADHD, encompassing its societal repercussions, diagnostic protocols, and the spectrum
of co-occurring conditions. This highlights key characteristics of several prevalent neurodevelopmental
disorders. ADHD involves inattention, hyperactivity, and impulsivity. ASD is linked to communication
issues and repetitive behaviors. Intellectual disability (formerly mental retardation) is marked by below-
average intelligence and adaptive limitations. Tic Disorder features involuntary, repetitive tics.
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Figure 1. Overview of Common Neurodevelopmental Disorders (Photo/Picture credit : Original )
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2.1. Societal implications and the dynamics of daily life
The impact of ADHD is not confined to the individual but extends into the broader social context,
influencing the daily life of those affected. In educational settings, students with ADHD often face
significant hurdles. For instance, they may struggle with managing their time effectively, leading to late
assignments or incomplete projects. This can result in a gap between their actual intellectual potential
and their academic performance, as seen in cases where a student with high cognitive abilities
consistently underperforms in exams due to poor organizational skills. This discrepancy can have long-
term consequences, affecting their choice of higher education and career paths, such as a student who
aspires to be an engineer but finds themselves diverted to a less demanding field due to academic
setbacks.

In social interactions, the impulsivity characteristic of ADHD can lead to misunderstandings and
social faux pas. For example, an individual with ADHD might interrupt conversations frequently or act
without considering the social cues, leading to isolation from peers. This can manifest in playground
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dynamics where they are often the last to be chosen for team games or are excluded from group activities,
impacting their self-esteem and social development. In the workplace, adults with ADHD may find it
challenging to meet deadlines and complete tasks efficiently. A common scenario might involve an
employee who struggles to prioritize tasks and often misses critical deadlines, leading to a poor
performance review. This can affect their career progression and job security, as well as their
relationships with colleagues, who may perceive them as unreliable or disorganized. Additionally,
financial management can be a struggle, with individuals often finding it difficult to budget or save
money, leading to financial instability and stress.

Moreover, the emotional toll of living with ADHD can be profound. The constant struggle to keep
up with societal expectations can lead to feelings of inadequacy and low self-worth. The stress associated
with managing daily tasks and social interactions can exacerbate mental health issues, increasing the
risk of developing comorbid conditions such as anxiety and depression. For example, an individual with
ADHD might experience heightened anxiety about their ability to perform at work or maintain
friendships, leading to a cycle of stress and mental health challenges.

2.2. Current diagnostic criteria and limitations

The authoritative texts, the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) and the
International Classification of Diseases (ICD-11), offer reliable guidelines for the identification and
diagnosis of ADHD. A consistent pattern of at least six inattentional or hyperactivity-impulsive
symptoms, which must be present in at least two contexts, is what the DSM-5 uses to diagnose ADHD
[3]. These symptoms can have a major impact on day-to-day functioning and social relations. They can
seem as forgetfulness, disorganization, excessive chatting, or difficulties waiting one's turn [3].

Despite these guidelines, the reliance on subjective clinical assessments poses challenges. The
manifestation of ADHD can vary widely between individuals, with some exhibiting more subtle signs
of inattention while others display more pronounced hyperactive or impulsive behaviors. This variability,
coupled with the potential for subjective bias in symptom reporting and interpretation, can complicate
accurate diagnosis and increase the risk of misdiagnosis. The scrutiny of the diagnostic process
underscores the need for a comprehensive, objective approach that incorporates multiple sources of
information and minimizes reliance on subjective judgment.

For example, the reliance on self-reporting and parental or teacher observations can be problematic,
as the interpretation and understanding of symptoms can vary widely. A child who is energetic and
curious might be mislabeled as hyperactive, while a quiet, daydreaming child might be overlooked for
inattention. Additionally, the pressure to diagnose and medicate can lead to overdiagnosis in some cases,
particularly when schools or parents are seeking solutions to behavioral issues that may not be rooted in
ADHD.

Moreover, the current diagnostic framework, which heavily depends on clinical interviews and
behavioral assessments, can overlook the complexity and diversity of ADHD presentations. For instance,
high-functioning individuals with ADHD might not exhibit symptoms that are disruptive enough to meet
the DSM-5 threshold, leading to underdiagnosis. Conversely, individuals who exhibit some ADHD
symptoms due to situational stress or other conditions might be incorrectly diagnosed with ADHD.

The challenge of diagnosing ADHD is compounded by the lack of definitive tests or biological
markers. In the absence of such indicators, medical professionals must depend on behavioral
assessments and symptom inventories, which can vary significantly based on several elements, including
the setting of the assessment, the rapport between the clinician and the patient, and the patient's mood
or cognitive state during the diagnostic session.

The potential for misdiagnosis has significant implications, as it can lead to inappropriate treatment
plans, unnecessary medication use, and a failure to address the actual needs of the individual. It can also
stigmatize individuals who are wrongly labeled with ADHD, affecting their self-esteem and societal
perception.

In response to these constraints, there is an increasing demand for the creation of more impartial
diagnostic instruments that can furnish supplementary insights beyond the confines of subjective
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evaluations. Incorporating neuropsychological assessments, genetic indicators, and neuroimaging may
yield a diagnosis that is both more holistic and precise, thereby diminishing the likelihood of erroneous
diagnoses.

2.3. Comorbidities and associated conditions

The complexity of ADHD is often amplified by the presence of comorbid conditions, which complicate
diagnosis and necessitate nuanced treatment approaches. Common comorbidities include learning
disabilities that impact language and math skills, anxiety disorders characterized by persistent fear, and
mood disorders, particularly depression, which can lead to persistent low mood and withdrawal [4].

Research also points to a significant interaction between ADHD and substance use disorders,
potentially driven by the impulsivity and risk-taking behaviors typical of individuals with ADHD [5].
Additionally, ADHD is frequently comorbid with tic disorders like Tourette's syndrome and autism
spectrum disorder, which are marked by social challenges and repetitive behaviors [1].

To effectively address the comorbidities often associated with ADHD, a comprehensive diagnostic
approach is essential. This strategy must consider the full spectrum of a patient's mental, behavioral, and
cognitive health, facilitating the development of a personalized treatment plan. Such a plan may
encompass pharmacological interventions, behavioral modifications, academic support, and social skills
development. The coexistence of ADHD with other disorders highlights the necessity for a multifaceted
diagnostic and therapeutic strategy. Clinicians must possess a deep understanding of the specific needs
of individuals with ADHD to tailor treatments that not only improve outcomes but also enhance overall
life satisfaction.

3. Neurotechnology in ADHD diagnosis

The integration of neurotechnology marks the beginning of a new era in the diagnosis and deeper
understanding of neurological disorders, including ADHD. The figure 2 illustrates the neuroimaging
techniques used in ADHD diagnosis. This section highlights the significance of neuro-EEG in both
medical practice and research within ADHD diagnostics.

Electroencephalography

é% (EEG)

Functional Magnetic Resonance
Imaging (fIMRI)

Near-Infrared Spectroscopy
(NIRS)

Figure 2. Neuroimaging Techniques for ADHD Diagnosis: This illustration outlines various methods
used to diagnose ADHD. Techniques include EEG, measuring brain electrical activity; fMRI,
visualizing brain activity through blood flow changes; and NIRS, a non-invasive method for monitoring
brain tissue blood flow and oxygenation. (Photo/Picture credit : Original )

3.1. Electroencephalography (EEG)
3.1.1. Principles and applications EEG is a non-invasive neuroimaging technique renowned for its high

temporal resolution, providing millisecond-accurate measurements of the brain's electrical activity. By
detecting the subtle voltage fluctuations that result from synchronized neuronal firing, EEG offers a
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window into the brain's dynamic processes. These minute electrical signals are captured through
electrodes affixed to the scalp and amplified for detailed recording and analysis. The EEG waveforms
are identified by a range of frequency bands, which are linked to distinct cognitive states and brain
processes. Delta (0.5—4 Hz), theta (4—8 Hz), alpha (8—13 Hz), beta (13—30 Hz), and gamma (30-100 Hz)
are some of these bands [6].

In clinical practice, EEG is indispensable for diagnosing and monitoring a spectrum of neurological
and psychiatric conditions. It is particularly instrumental in identifying epileptic activity and
distinguishing seizures through the detection of characteristic electrical signatures [7, 8]. EEG also plays
a pivotal role in sleep medicine, as part of polysomnography, to diagnose sleep disorders by monitoring
brain activity throughout sleep cycles. Moreover, in assessing the brains of comatose patients, EEG
provides critical information on brain function, aiding in the determination of brain death. It further
supports the evaluation of cognitive decline in neurodegenerative diseases such as Alzheimer's and
Parkinson's, enhancing our comprehension and management of these conditions [7].

3.1.2. Clinical studies and findings Clinical research using EEG has illuminated the unique
neurophysiological foundations of ADHD. Through quantitative EEG (qEEG), it has been possible to
identify specific brainwave patterns that set individuals with ADHD apart from others. ADHD is
consistently linked with unusual EEG patterns, including heightened activity in the slower theta and/or
delta bands and reduced activity in the faster beta band, notably in the fronto-central brain regions [8,
9]. These EEG patterns may be connected to the underarousal and developmental lags frequently seen
in ADHD. Additionally, event-related potentials (ERPs), which align with particular cognitive events,
have demonstrated irregularities in ADHD, impacting elements such as the P300 wave and the
contingent negative variation (CNV), both of which are essential for attention and motor readiness [9].

A systematic review by Slater et al. [10] delved into EEG's utility in distinguishing ADHD subtypes,
concluding that while EEG holds promise for understanding ADHD's heterogeneity, it is not yet ready
for clinical use as a diagnostic tool. Measures showing potential in discriminating ADHD subtypes and
symptomatology include the modulation of alpha, beta, and theta waves during rest and cognitive tasks,
as well as the N2 and P3 components of ERPs [10]. These insights suggest that EEG may contribute to
future diagnostic methodologies and personalized treatment strategies for ADHD.

In summary, EEG's capacity to capture the brain's electrical activity makes it an invaluable asset in
clinical settings for diagnosing and understanding neurological and psychiatric conditions, including
ADHD. Its potential for future diagnostic and therapeutic applications is promising, offering a deeper
understanding of the neurophysiological processes at play in these disorders.

3.2. Functional magnetic resonance imaging (fMRI)

3.2.1. Principles and applications Functional Magnetic Resonance Imaging (fMRI) stands as a
cornerstone in modern neuroimaging, providing exceptional insights into the brain's functional anatomy.
This non-invasive technique relies on the blood-oxygen-level-dependent (BOLD) signal, which reflects
the increase in cerebral blood flow and oxygenation in response to local neuronal activity [11]. fMRI
enables the detailed mapping of brain regions with high spatial resolution, typically on the order of
millimeters.

In medical practice, Functional Magnetic Resonance Imaging (fMRI) is essential for the surgical
planning of epilepsy patients, assisting in pinpointing the eloquent cortex and the regions of epileptic
activity [12]. Beyond that, fMRI is also vital for diagnosing and monitoring various neurological
conditions such as brain tumors, cerebrovascular accidents, and injuries caused by trauma. Moreover,
fMRI is extensively utilized in research to explore the neural basis of behavior, emotions, and cognitive
processes, thereby illuminating the neural circuitry involved in both typical and atypical brain
functioning.
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3.2.2. Clinical studies and findings The application of fMRI to ADHD has been especially insightful.
Clinical research has repeatedly shown that people with ADHD have abnormalities in both the structure
and function of their brains. For example, losses in grey matter volume in areas such the cerebellum,
basal ganglia, and prefrontal cortex have been seen in meta-analyses of fMRI studies [13]. The
behavioural and cognitive symptoms associated with ADHD are believed to be caused by these
anatomical abnormalities.

Functionally, individuals with ADHD have shown hypoactivation in brain networks critical for
executive functions, attention, and motor control. Specifically, the dorsolateral prefrontal cortex
(DLPFC), aregion integral to inhibitory control and working memory, has been found to exhibit reduced
activation in ADHD during tasks requiring these cognitive processes [8].

The application of fMRI in ADHD has extended beyond mere diagnosis to include the investigation
of treatment effects. For example, stimulant medication, a primary treatment for ADHD, has been shown
to modulate the BOLD signal in ADHD-relevant brain regions, normalizing hypoactive networks and
improving cognitive function [8, 14]. This has provided evidence for the neuroplastic effects of
medication in ADHD and highlighted the potential of fMRI as a tool for monitoring treatment efficacy.

Furthermore, fMRI has been used to explore the neural correlates of cognitive training and
neurofeedback in ADHD, with studies indicating that these interventions can lead to changes in brain
activation patterns, suggesting a normalization of brain function [9]. This underscores the potential of
fMRI as a biomarker for treatment response and a means to develop personalized therapeutic approaches.

In conclusion, fMRI is a versatile and indispensable tool in the clinical and research realms of
neuroscience. Its ability to capture the intricate dynamics of brain function in real-time has significantly
advanced our understanding of ADHD and other neurological conditions. The continued application of
fMRI in clinical practice and research promises to further elucidate the neurobiological substrates of
ADHD and to refine diagnostic and therapeutic strategies.

3.3. Near-infrared spectroscopy (NIRS)

3.3.1. Principles and applications NIRS is a new neuroimaging technique that is becoming prominent
in the realms of clinical diagnosis and cognitive neuroscience. Using near-infrared light, NIRS uses a
different imaging modality called NIRS to measure the relative amounts of oxygenated and
deoxygenated hemoglobin in the brain. This makes it possible to quantify neural activity [14]. The
technique is based on the notion that near-infrared light may permeate biological tissues, allowing for
the non-invasive assessment of cerebral blood flow and oxygenation [14].

NIRS is particularly advantageous for its portability, cost-effectiveness, and robustness against
movement artifacts, making it an attractive alternative for use in various settings, including clinical,
educational, and even ambulatory environments. In clinical applications, NIRS has been utilized to study
a range of neurological and psychiatric conditions, from stroke and traumatic brain injury to depression
and ADHD [8]. Its ability to provide real-time feedback during cognitive tasks has also made it a
valuable tool for neurofeedback and cognitive training interventions.

3.3.2. Clinical studies and findings In the context of ADHD, NIRS has been employed to investigate the
neurovascular coupling and cerebral hemodynamics associated with the disorder. Clinical studies have
demonstrated that individuals with ADHD exhibit distinct patterns of cerebral oxygenation and blood
flow, which may reflect underlying neural dysfunction [15]. For instance, studies have reported reduced
prefrontal oxygenation in children with ADHD during cognitive tasks, suggesting a disruption in the
normal relationship between neural activity and local cerebral blood flow [15].

Moreover, NIRS has been used to explore the effects of pharmacological interventions in ADHD. A
study by Faraone [ 15] demonstrated that methylphenidate, a commonly prescribed stimulant medication
for ADHD, significantly increased prefrontal oxygenation in children with the disorder, indicating a
potential normalization of cerebral blood flow in response to treatment. This finding underscores the
potential of NIRS as a biomarker for treatment efficacy in ADHD.
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In addition to pharmacological studies, NIRS has been utilized in neurofeedback training for ADHD.
Neurofeedback using NIRS has shown promise in improving cognitive functions and reducing ADHD
symptoms [16]. By providing real-time feedback on prefrontal oxygenation levels, individuals with
ADHD can learn to self-regulate their brain activity, potentially leading to enhanced cognitive control
and behavioral regulation [16].

Although the results are promising, it is important to keep in mind that small sample sizes and uneven
methodological approaches have often limited research in this still-emerging field of NIRS in ADHD.
To further evaluate the clinical value of NIRS tests in ADHD and to establish standardized
methodologies, more research is required. Furthermore, combining NIRS with other neuroimaging
methods like fMRI or EEG may offer a more thorough knowledge of the neurological causes of ADHD
and guide the creation of more potent treatment plans.

4. Challenges and ethical considerations

4.1. Technical and practical limitations

Neuroimaging technologies, while transformative, are not without their technical and practical
limitations. For example, although having a high spatial resolution, fMRI requires participants to stay
still in a small, noisy scanner, which might be upsetting for kids or people with ADHD. Similarly, NIRS
is sensitive to movement artifacts, which can affect the accuracy of the measurements, particularly in
populations with poor impulse control [8]. EEG, while portable and cost-effective, has lower spatial
resolution compared to fMRI, which can limit the specificity of the findings. These limitations
necessitate the development of more user-friendly and robust neuroimaging techniques.

4.2. Diagnosis limitations in adults

Adult ADHD diagnosis comes with special difficulties. The persistence of symptoms from childhood or
the late onset of symptoms in adulthood can complicate the diagnostic process [8, 12]. Furthermore, the
presentation of ADHD in adults often includes more subtle or nuanced symptoms compared to the more
overt hyperactivity seen in children [8, 12]. This can make the diagnosis more difficult, particularly in
the absence of clear neuroimaging biomarkers for adult ADHD.

4.3. Ethical issues in pediatric neuroimaging

The use of neuroimaging in pediatric populations raises several ethical considerations. Firstly, the safety
of exposing children to magnetic fields and radiofrequency pulses, as in MRI, is a concern, despite
current evidence suggesting that these are safe within recommended guidelines. Secondly, the potential
for overdiagnosis and overtreatment due to the allure of neuroimaging as a "scientific" tool must be
carefully managed to avoid unnecessary medicalization. Lastly, the need for obtaining informed consent
from parents or guardians, and assuring the child's understanding and comfort, is paramount in pediatric
research and clinical settings.

4.4. Integration with clinical practice and diagnostic guidelines

The integration of neuroimaging into clinical practice and diagnostic guidelines for ADHD is a complex
process. Although neuroimaging can shed light on the neurobiological causes of ADHD, it is not yet
suitable to take the place of more established diagnostic techniques that involve behavioural testing and
clinical interviews. The challenge lies in determining how best to incorporate neuroimaging findings
into a multimodal diagnostic approach that enhances, rather than replaces, existing practices.

5. Future directions and technological advancements
5.1. Emerging neurotechnologies and their potential

The future of neuroimaging in ADHD research and diagnosis holds promise with the advent of emerging
neurotechnologies. For example, the development of ultra-high-field MRI scanners offers the potential
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for even greater spatial resolution, allowing for more precise identification of brain regions implicated
in ADHD. Additionally, the integration of machine learning algorithms with neuroimaging data may
enhance the diagnostic accuracy of neuroimaging techniques by identifying complex patterns that are
not discernible through traditional analysis.

5.2. Predicted developments in ADHD diagnostic tools

Predicted developments in ADHD diagnostic tools include the refinement of existing neuroimaging
techniques to improve their specificity, sensitivity, and ease of use. Furthermore, the incorporation of
biomarkers identified through neuroimaging into clinical diagnostic criteria is anticipated, which may
lead to a more objective and neurobiologically informed diagnosis of ADHD.

5.3. Research gaps and opportunities

Despite the progress, there remain several research gaps. Studies with a longitudinal design are required
to track the development of the brain's structure and function in individuals with ADHD. Furthermore,
further investigation is required to comprehend the neurological underpinnings of ADHD subtypes and
how treatment response is related to these. Moreover, to guarantee the broad application of these
diagnostic instruments, neuroimaging research in a variety of populations-including age groups,
nationalities, and cultural backgrounds-is essential.

6. Conclusion

In conclusion, this article provided an overview of ADHD, examining its societal impact, diagnostic
challenges, and the role of neurotechnology in enhancing diagnosis and treatment. The use of EEG,
fMRI, and NIRS has been pivotal in advancing our understanding of ADHD's neurological basis.
Despite limitations and ethical considerations, the future is promising with emerging technologies set to
improve diagnostic precision and treatment efficacy. Predicted developments include the integration of
advanced neuroimaging with clinical criteria, refining our approach to ADHD diagnosis. As research
progresses, the goal is to ensure these diagnostic tools are universally applicable, leading to more
accurate diagnoses and better outcomes for individuals with ADHD.
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