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ABSTRACT:

Background: Functional neuroimaging has become a cornerstone in the study of brain
activity, enabling non-invasive exploration of the brain's structure and function.
Techniques such as functional magnetic resonance imaging (fMRI),
electroencephalography (EEG), positron emission tomography (PET), and
magnetoencephalography (MEG) have offered invaluable insights into the neural
mechanisms underlying cognitive, emotional, and behavioral processes. fMRI, in
particular, allows for detailed mapping of brain regions through blood oxygenation
levels, while EEG captures electrical brain activity with high temporal resolution.
These methods have revolutionized the understanding of neurological and psychiatric
disorders, offering diagnostic and therapeutic potential.
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Aim: This paper explores recent advancements in fMRI and EEG technologies, focusing
on their applications in neurological and psychiatric disorders. It aims to provide a
comprehensive overview of how these techniques are being applied to unravel the
neural underpinnings of disorders such as Alzheimer's disease, Parkinson's disease,
schizophrenia, and depression.

Methods: A systematic review of the latest literature on fMRI and EEG advances was
conducted, highlighting new methodologies, improved spatial and temporal
resolutions, and their combined use in multimodal imaging. Key studies that illustrate
the application of these technologies in clinical and research settings were analyzed.

Results: Recent technological advancements in fMRI, such as higher spatial
resolution, real-time imaging, and multimodal integration, have expanded the
understanding of brain connectivity and dysfunction. EEG developments, including
high-density electrode arrays and real-time source localization, have enhanced the
precision of tracking neural oscillations and brain connectivity. Together, these
innovations have improved the diagnosis and treatment of various neurological and
psychiatric conditions.

Conclusion: Advances in fMRI and EEG technologies have significantly enriched the
study of brain function, particularly in understanding the pathophysiology of
neurological and psychiatric disorders. These techniques have not only enhanced the
spatial and temporal resolution of brain imaging but have also paved the way for
personalized medicine in treating these conditions.

KEYWORDS: fMRI, EEG, neuroimaging, brain function, neurological disorders,
psychiatric disorders, brain connectivity, multimodal imaging, spatial resolution,
temporal resolution.

Background:

Neuroimaging serves as a vital technique for evaluating brain functioning by allowing
non-invasive access to the anatomical and functional elements of the brain [1,2].
Neuroimaging techniques provide a comprehensive knowledge of the functions of
different brain regions in cognitive and behavioral processes, such as perception,
attention, memory, language, decision-making, and emotion regulation. Commonly
employed neuroimaging techniques in cognitive neuroscience research encompass
functional magnetic resonance imaging (fMRI), positron emission tomography (PET),
electroencephalography (EEG), and magnetoencephalography (MEG) [4,5]. Each
technique provides unique spatial and temporal resolutions, enabling researchers to
investigate brain activity across several temporal and spatial dimensions.

fMRI identifies alterations in cerebral blood flow as a marker of neural activity,
enabling accurate localization of brain functions and advancing study on processes
like attention and working memory. Conversely, PET assesses metabolic alterations,
yielding insights into neurochemical activity. EEG and MEG capture electrical and
magnetic signals from neural activity, respectively, providing excellent temporal
resolution for the examination of brain dynamics. Neuroimaging is utilized to explore
mental diseases; for instance, fMRI has been employed to examine the brain pathways
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in persons with bipolar disorder during emotional activities [6]. Additionally, to
examine the impact of pharmacological treatment on alcohol consumption disorder,
researchers have performed systematic reviews of fMRI, PET, SPECT, and proton
magnetic resonance spectroscopy (H-MRS) to evaluate therapeutic results [7].
Neuroimaging permits the observation of brain activity, mapping of neuronal
networks, and research of mechanisms underlying various neurological diseases.
These tools have transformed study into cognition, emotion, perception, and other
essential elements of brain function by elucidating the dynamic nature of brain
processes. Neuroimaging has facilitated substantial progress in comprehending brain
architecture, connection, and plasticity. This has facilitated the investigation of the
brain correlates associated with behavioral, cognitive, and psychiatric disorders. These
strategies bridge the gap between neural activity and mental processes, promoting
advances in finding brain-behavior links.

Clinical Utilizations:

In addition to enhancing fundamental neuroscience, neuroimaging is essential in
clinical settings. It has changed the diagnosis and treatment of neurological and
psychiatric illnesses by enabling biomarker discovery, therapy monitoring, and
individualized therapeutic approaches. These methodologies have substantially
advanced research on neurodevelopmental disorders, neurodegenerative illnesses, and
psychiatric disorders. In summary, neuroimaging has changed the discipline of
neuroscience by illuminating the structural and functional dynamics of the brain. Its
ability to monitor brain activity and structure has not only improved theoretical
comprehension but also advanced hypothesis-driven investigations into the
neurological foundations of cognition and behavior.

Noninvasive Functional Neuroimaging Methods:

The importance of functional magnetic resonance imaging (fMRI) and
electroencephalography (EEG) in examining brain activity and neurological disorders
cannot be overstated. These two widely utilized neuroimaging modalities offer
complementary insights into brain function. While fMRI measures changes in blood
oxygen levels to assess brain activity with excellent spatial resolution, EEG captures
the brain's electrical activity, providing superior temporal resolution. Together, these
methods allow researchers to integrate spatial and temporal aspects of brain dynamics,
offering a holistic understanding of neural processes. Furthermore, their noninvasive
nature makes them safe and suitable for repeated use in longitudinal studies, which are
essential for tracking brain changes related to neurological disorders and evaluating
therapeutic interventions. fMRI and EEG are extensively applied across various
domains, including cognitive processing, emotional response, sensory perception, and
motor function. These techniques also play a pivotal role in characterizing brain
activity and connectivity in disorders such as autism spectrum disorder (ASD),
attention deficit hyperactivity disorder (ADHD), Alzheimer’s disease (AD), and
Parkinson’s disease (PD). The choice of these two modalities as the focal point of
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discussion stems from their broad applications, noninvasive nature, and significant
contribution to advancing the study of brain activity and neurological conditions.

fMRI
Recent Advances in fMRI Technology

Recent technological advancements have enhanced the capabilities of fMRI, enabling
more precise investigations of brain function.

e Higher Spatial Resolution: Advances in scanner technology now allow imaging
of voxels as small as 1 mm, facilitating the study of fine-grained brain structures and
activity patterns [8].

¢ Real-Time fMRI: This innovation enables immediate observation of brain
activity, supporting applications such as neurofeedback during experiments and
therapeutic interventions [9,10,11].

e Multimodal Imaging: Integrating fMRI with other techniques, such as EEG or
magnetoencephalography (MEG), allows researchers to explore spatial and temporal
dynamics simultaneously [12,13].

¢ Resting-State fMRI: This method, which examines brain activity in the absence
of tasks, has proven useful for identifying functional connectivity and detecting
disorder-related activity changes [14].

e Ultra-High Field fMRI: Operating at 7 Tesla or higher, these scanners offer
enhanced sensitivity and spatial resolution, providing deeper insights into neural
activity [15].

Applications of fMRI in Studying Brain Function

fMRI has revolutionized the understanding of brain function with applications such
as:

e Mapping Brain Activity: By identifying active brain regions during specific tasks
or stimuli, fMRI facilitates the mapping of functional networks and understanding of
interregional connectivity [4].

e Cognitive Process Exploration: Studies using fMRI have shed light on how the
brain processes information related to perception, memory, language, and decision-
making [16].

e Advancements in Connectivity Analysis: Techniques like multiband imaging and
graph theory enhance the study of functional connectivity, enabling insights into
cognitive processes and disorder mechanisms.

e Neurological Disorder Research: fMRI is instrumental in investigating
conditions such as AD, PD, schizophrenia, and depression, uncovering underlying
mechanisms and aiding diagnosis and treatment [17,18].
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e Therapeutic Development: By pinpointing disorder-specific brain regions, fMRI
has guided interventions like deep brain stimulation for PD and depression [19].

Recent Advances in Neuroimaging Techniques and Their Impact
Progress in neuroimaging has deepened the precision and scope of brain research:

¢ High-Resolution Structural MRI: Provides sub-millimeter imaging of the cortex,
enabling refined brain mapping and the discovery of new regions [20].

¢ Diffusion-Weighted MRI: Offers insights into white matter connections and their
links to neurological disorders [21].

¢ Resting-State fMRI: Explores intrinsic brain activity and functional networks,
contributing to the understanding of cognition and behavior [22].

e Multimodal Neuroimaging: Combining fMRI with modalities like EEG or PET
delivers comprehensive perspectives on neural activity [23,24].

e Ultrafast fMRI: Techniques such as multiband fMRI allow faster data acquisition,
capturing dynamic neural changes with enhanced accuracy [25].

These advances have significantly enriched cognitive neuroscience, offering new
methodologies for studying brain structure and function, understanding brain
disorders, and paving the way for innovative treatments.

fMRI Data Analysis Techniques and Algorithms

Numerous specialized techniques and algorithms are employed in the analysis of fMRI
data to investigate brain functionality and neurological disorders.

e Seed-based Functional Connectivity: This approach entails selecting a specific
seed region of interest and computing the correlations between the seed region’s time
series and all other brain voxels. It enables researchers to examine functional
connectivity between the seed region and other areas of the brain, uncovering networks
and connectivity patterns related to distinct brain functions or disorders.

e Independent Component Analysis (ICA): As a data-driven technique, ICA
decomposes fMRI data into spatially independent components that represent distinct
functional networks. It is particularly effective for identifying resting-state networks,
such as the default mode network, and analyzing their alterations in various diseases.
e Graph-Theoretic Analysis: By applying graph theory, researchers can describe
and quantify the topological properties of brain networks derived from fMRI data.
Metrics such as node degree, clustering coefficient, and betweenness centrality
facilitate the evaluation of network organization and identification of disease-related
network-level changes.

e Machine Learning Approaches: Machine learning techniques, including support
vector machines (SVM), random forests, and deep learning, have been applied to fMRI
data for classifying brain states, predicting clinical outcomes, and identifying
biomarkers. These algorithms effectively extract meaningful patterns from fMRI data,
enabling precise classification and prediction of neurological conditions.
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e Multivariate Pattern Analysis (MVPA): MVPA trains machine learning
algorithms on fMRI data to decode or differentiate mental states or stimuli. This
technique is instrumental in analyzing detailed patterns of brain activity associated
with specific cognitive processes or disorders and has been widely utilized in cognitive
neuroscience and clinical research.

The field of fMRI data analysis continues to evolve, as researchers develop innovative
methods to extract valuable insights from complex brain imaging data, advancing our
understanding of brain function and neurological disorders.

Recent Advances in fMRI Technology

The continuous advancements in fMRI technology have substantially enhanced spatial
and temporal resolution, improving the precision and specificity of brain activity
measurements.

e High-field MRI: Utilizing magnetic field strengths such as 3 Tesla (3T) or 7 Tesla
(7T) enhances spatial resolution, allowing researchers to discern small brain structures
and finer details for more accurate localization of brain activity.

e Multi-echo Imaging: This technique acquires multiple echoes at various time
points, enabling the separation of the blood oxygen level-dependent (BOLD) signal
from other sources of signal variation. This improves the specificity of neural activity
measurements.

e Parallel Imaging: Techniques like Sensitivity Encoding (SENSE) and
Generalized Autocalibration Partially Parallel Acquisition (GRAPPA) utilize multiple
receive coils to accelerate image acquisition, enhancing temporal resolution and
enabling more precise tracking of dynamic brain activity.

e Simultaneous Multi-Slice (SMS) Imaging: SMS imaging captures multiple brain
slices simultaneously, increasing coverage while reducing acquisition time. This
facilitates faster whole-brain imaging with improved temporal resolution, critical for
studying rapid brain processes.

e Ultrafast Echo Planar Imaging (EPI): Recent advancements in EPI, such as
multiband imaging and blipped-CAIPI, have significantly reduced acquisition times
while maintaining image quality, enabling higher temporal resolution and better
detection of transient neural events.

Recent Advances in EEG Technology

Electroencephalography (EEG), a non-invasive technique for measuring the brain’s
electrical activity [26-29], has also benefited from technological advancements.

e High-density Electrode Arrays: Modern EEG systems incorporate hundreds of
electrodes, allowing for more accurate localization of brain activity and detailed
mapping of neural dynamics [30].

e Real-time Source Localization: This innovation facilitates the real-time
identification of the strength and location of brain activity, which is particularly useful
for neurofeedback and brain-computer interface applications [31].

e Wearable EEG Technology: Portable EEG systems now enable brain activity
monitoring in non-laboratory environments, with promising applications in clinical
settings to monitor neurological disorders [32].
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o Integration with Other Neuroimaging Techniques: EEG can be combined with
modalities like fMRI to provide complementary insights into both spatial and temporal
aspects of brain activity [33,34].

Applications of EEG in Brain Function and Neural Oscillations

EEG serves as a robust tool for exploring brain function and neural oscillations [35].
Its applications include:

1. Mapping Brain Activity: EEG maps the timing and localization of brain activity
linked to cognitive processes, offering insights into their underlying neural
mechanisms.

2. Studying Neural Oscillations: EEG examines rhythmic patterns of brain activity,
known as neural oscillations, which are critical for brain information processing [36].

3. Investigating Brain Connectivity: EEG assesses functional and effective
connectivity between brain regions, shedding light on neural networks governing
cognition and behavior [37,38].

4. Studying Brain Development: EEG tracks changes in neural oscillations and
brain function throughout development, providing insights into cognitive maturation
[39].

Overall, EEG technology continues to offer versatile and valuable approaches for
understanding neural mechanisms across basic and applied research contexts.

EEG Signal Processing Techniques

Processing EEG signals is vital for extracting meaningful information and analyzing
neural oscillations.

e Preprocessing: This step removes artifacts and improves data quality, employing
filtering (e.g., noise removal), artifact elimination (e.g., independent component
analysis), and baseline correction.

e Power Spectrum Analysis: Using methods like the Fast Fourier Transform (FFT),
this analysis reveals the distribution of power across frequency bands, offering insights
into oscillatory activity linked to cognitive states or pathologies.

¢ Event-Related Potential (ERP): ERP analysis isolates brain responses time-
locked to specific events, identifying components such as P300 or N400 for high
temporal precision in cognitive studies.

e Time-Frequency Analysis: Techniques like the short-time Fourier transform or
wavelet transform analyze spectral content over time, identifying transient or task-
specific modulations in neural activity.

e Connectivity Analysis: Methods such as coherence or phase synchrony evaluate
functional connectivity, revealing the dynamics and interactions between brain
regions.

e Source Localization: Techniques such as dipole fitting and distributed source
modeling pinpoint neural generators, enabling precise mapping of brain activity.
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These methods significantly advance our ability to decode and interpret brain function,
enhancing the breadth of neuroscience research.

Recent Innovations in EEG Technology: Expanding Its Utility in Brain Activity
and Disease Studies

High-Density EEG and Advanced Electrode Design

High-Density EEG Systems: Traditional EEG systems, constrained by a limited
number of electrodes, provide sparse spatial scalp coverage. Recent technological
advancements have introduced high-density EEG systems with electrode
configurations reaching 128, 256, or even 512 channels. These systems facilitate
enhanced spatial mapping and more precise localization of neural activity sources.

Flexible Dry Electrodes: Unlike traditional electrodes that rely on conductive gels or
pastes, dry and flexible electrodes have emerged, offering greater comfort and ease of
placement. These innovative designs maintain high signal quality, reduce preparation
time, and are particularly advantageous for long-term monitoring and clinical
applications.

Signal Processing and Source Localization

Advanced Source Localization: New algorithms leveraging high-density
configurations and sophisticated mathematical models have significantly improved the
precision of estimating neural source locations from EEG signals.

Connectivity Analysis: Drawing parallels with functional MRI (fMRI), EEG data can
now be employed to analyze functional connectivity across brain regions. Techniques
such as coherence, phase synchrony, and graph theory enable the exploration of inter-
regional communication and coordination.

Multimodal Integration

fMRI-EEG Fusion: Integrating EEG with fMRI provides simultaneous
measurements of electrical activity and hemodynamic responses, offering
complementary insights into brain functionality. This approach enables the correlation
of EEG-detected neural oscillations with the network structures identified via fMRI.

EEG-TMS Integration: Combining EEG with Transcranial Magnetic Stimulation
(TMS), a non-invasive brain stimulation method, allows researchers to observe the
direct effects of TMS on brain activity and explore its therapeutic and cognitive
implications.

Wearable and Mobile EEG

The miniaturization of technology and advancements in wireless systems have led to
wearable and mobile EEG devices. These lightweight, portable systems enable
ecologically valid measurements of brain activity in naturalistic and diverse
environments. These advancements have broadened the applications of EEG
technology, enhancing its spatial resolution, signal quality, and ability to investigate
neural dynamics and connectivity. As a result, these developments hold significant
promise for diagnosing, monitoring, and treating neurological and psychiatric
disorders.
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Limitations and Challenges of fMRI and EEG Technologies

Despite their utility, fMRI and EEG technologies face specific limitations that
influence their applicability and reliability.

Spatial Resolution

While fMRI offers high spatial resolution, it struggles to resolve fine-scale neural
activity at the neuronal or cerebellar level, with its resolution typically in millimeters.
EEG, on the other hand, suffers from poor spatial resolution, as its signals represent
aggregated activity from extensive brain tissue, complicating the pinpointing of
precise sources.

Temporal Resolution

fMRI, though spatially detailed, has limited temporal resolution due to the inherent
delay of several seconds in the blood-oxygen-level-dependent (BOLD) signal. In
contrast, EEG excels in capturing millisecond-level neural dynamics, though it is less
adept at detecting slower or sustained neural processes.

Signal-to-Noise Ratio (SNR)

fMRI measurements are susceptible to noise from motion artifacts, physiological
variations, and scanner distortions, reducing reliability. Similarly, EEG signals are
weak and prone to contamination by muscle movements, ocular artifacts, and ambient
electrical noise, complicating data interpretation.

Interpretation Challenges

Interpreting fMRI results necessitates careful consideration of the BOLD signal, an
indirect neural activity measure influenced by vascular and metabolic factors.
Similarly, EEG data analysis faces difficulties in accurately localizing neural sources
due to overlapping signals and volumetric conduction effects, which obscure the
attribution of activity to specific brain regions. Despite these challenges, fMRI and
EEG remain indispensable tools for exploring brain function and neurological
disorders. With meticulous methodological approaches, these technologies provide
critical insights into neural mechanisms, significantly advancing our understanding of
brain activity and associated conditions.

Diffusion Tensor Imaging (DTI)
Recent Technological Developments in DTI

Diffusion Tensor Imaging (DTI) is a specialized MRI technique used to visualize white
matter tracts in the brain [40]. Recent advances include:

1. High Angular Resolution Diffusion Imaging (HARDI): This approach refines
traditional DTI by utilizing higher angular resolution, allowing for detailed
visualization of intricate white matter structures [41]. It captures water diffusion
directionality more accurately, enabling enhanced tractography and improved
mapping of white matter connectivity.
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2. Accelerated Imaging Techniques: Advanced methods, including compressed
sensing and parallel imaging, substantially decrease scan times while maintaining
image quality [42]. These innovations are particularly valuable for clinical
applications, improving patient comfort and minimizing motion artifacts.

These advancements bolster our ability to study white matter structure and
connectivity, with significant implications for diagnosing and treating neurological
disorders.

Applications of DTI in Studying Brain Connectivity and White Matter Tracts

DTI is a crucial tool for investigating brain connectivity and white matter tracts [43].
Key applications include:

e Mapping White Matter Tracts: DTI enables the visualization and mapping of
white matter tracts, such as the corpus callosum and corticospinal tract, allowing
researchers to examine connectivity between brain regions [44].

o Identifying Neurological Changes: Structural alterations in white matter
associated with conditions like Alzheimer’s disease, multiple sclerosis, and traumatic
brain injury can be detected using DTI [45,46,47]. This aids in diagnosis, monitoring,
and treatment development.

e Studying Brain Development: By analyzing changes in white matter during
development, DTI provides insights into the evolution of cognitive functions,
including language and memory [43].

e Exploring Brain Plasticity: DTI is instrumental in investigating changes in white
matter connectivity linked to learning and training [48], offering potential applications
in rehabilitation.

Advances in DTI Analysis Methods

Recent developments in DTI analysis have enhanced its accuracy and utility. For
instance:

e HARDI Techniques: Advanced methods, such as Diffusion Spectral Imaging and
High Definition Fiber Tracking, improve the resolution of intersecting fibers, leading
to more precise tractography.

e Multi-Shell and Multi-Tissue Modeling: These approaches separate isotropic
and anisotropic diffusion, offering detailed microstructural insights.

e Advanced Tractography Algorithms: Techniques like probabilistic modeling
and constrained spherical deconvolution improve the reliability of fiber tracking.

These innovations enable refined mapping of brain networks, quantitative assessments
of white matter properties, and deeper insights into brain function in health and
disease.

Applications of DTI:
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Mapping White Matter Tracts: DTI enables researchers to map the trajectories of
major white matter tracts in the brain, providing valuable insights into anatomical
connections between different brain regions.

Studying Brain Connectivity: By quantifying the direction and magnitude of water
diffusion, DTI estimates diffusion tensor metrics such as fractional anisotropy (FA)
and mean diffusivity (MD). These metrics are instrumental in studying the integrity
and connectivity of white matter pathways.

Understanding Neurological Diseases: DTI has been extensively used to examine
altered white matter connectivity in neurological and psychiatric disorders, including
schizophrenia, Alzheimer’s disease, multiple sclerosis, and traumatic brain injury. It
helps identify specific white matter abnormalities associated with these conditions and
understand their impact on brain function.

High Angular Resolution Diffusion Imaging (HARDI): HARDI techniques, such
as g-sphere and diffusion spectral imaging, enhance DTI accuracy and resolution by

modeling complex fiber orientations and overcoming challenges posed by intersecting
fibers.

Tractography and Connectivity Analysis: Advanced tractography algorithms
accurately reconstruct white matter pathways. Connectivity analysis techniques, such
as graph theory, allow researchers to explore structural brain networks and investigate
their alterations in neurological diseases.

Applications of TES: Non-Invasive Brain Stimulation
Investigating Brain Function

TES techniques, such as transcranial direct current stimulation (tDCS) and transcranial
alternating current stimulation (tACS), provide non-invasive methods to modulate
brain activity and study functional connectivity. TES enables researchers to probe
causal relationships between brain regions, investigate the active contribution of brain
networks, and study the effects of targeted stimulation on behavior, cognition, and
perception.

Potential Therapeutic Applications

e Schizophrenia: Studies suggest that TES, particularly tDCS, can serve as an
adjunctive treatment for schizophrenia by modulating cortical excitability and network
connectivity, potentially improving cognitive function and reducing symptoms.

e Chronic Pain: TES techniques, such as transcutaneous electrical nerve stimulation
(TENS), offer non-invasive pain management strategies by targeting pain-related brain
regions to modulate pain perception.

Targeted Stimulation

Advancements in TES technology enable precise targeting of brain regions or
networks. High-resolution neuroimaging techniques like fMRI or EEG, when
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combined with TES, enhance electrode placement accuracy and optimize stimulation
protocols.

Limitations, Challenges, and Potential Future Directions
Limitations and Challenges of DTI

e Tissue Complexity: Simplified water diffusion models may not fully represent the
microstructural properties of brain tissue, challenging accurate quantification.

¢ Fiber Crossings and Orientation Dispersion: Complex fiber configurations can
lead to inaccurate reconstruction of white matter tracts.

e Sensitivity to Noise and Artifacts: Motion artifacts and susceptibility distortions
degrade image quality, affecting the reliability of diffusion metrics.

e Spatial Resolution: Achieving high spatial resolution is constrained by long
acquisition times and image distortions, limiting the detection of small-scale
structures.

Future Directions and Improvements for DTI

e Advanced Diffusion Models: Techniques like HARDI and Diffusion Kurtosis
Imaging (DKI) offer better representation of complex fiber orientations.

e Multimodal Integration: Combining DTI with modalities such as fMRI or EEG
provides a comprehensive understanding of structural and functional connectivity.

e Enhanced Image Acquisition: Higher field strengths, parallel imaging, and
motion correction methods can improve spatial resolution and image quality.

e Advanced Analytical Methods: Refined algorithms and network-based methods
enhance tractography accuracy and connectivity estimation.

Limitations and Challenges of TES

e Spatial Localization and Individual Differences: Anatomical variation, skull
conductivity, and electrode placement variability affect electric field distribution.

e Limited Mechanistic Understanding: The exact neurobiological mechanisms of
TES remain unclear, requiring further research to optimize parameters.

e Inter- and Within-Subject Variability: Variability in responses to TES
complicates standardized protocol development and outcome prediction.

o Potential Side Effects: While TES is generally safe, minor side effects such as
scalp irritation occur, and the long-term effects need further investigation.

Future Directions and Improvements in TES

e Personalized Approaches: Brain mapping using structural or functional
connectivity data can guide personalized protocols and improve electrode placement.

e Closed-Loop and Adaptive Stimulation: Integrating real-time brain activity
monitoring with stimulation adjustments ensures optimized outcomes.

702



Abdulaziz Mohammad Aleid, Misheal Al Dakkan, Khalid Aiydh Alharthi, Mohammed Khalid Alsahli,
FATIMAH HAMAD ALSHAMMARI, Jawaher yahya zarb, Mofleh johar hasan Al-anbar, Saad Abdullah Naser
Al Daosari, Abdullah Saeed Misfer Al Dawsri, Jamaan jalal aljameeli, abdulrahman hamad alqahtany, Joud
saud diab ALSHAMMARI, Ali Abdullah Alghothimi, Bandar Mohammed Qasman, SAAD ALI FALEH
ALDAWSARI

e Multimodal Integration: Combining TES with fMRI or EEG provides feedback
on brain activity, improving stimulation accuracy and targeting.

e Improved Electrode Design: Advanced, flexible electrode designs enhance
electrical contact, reduce discomfort, and improve effectiveness.

Neuroimaging and Brain Functions

Neuroimaging Studies on Neurodevelopmental Disorders, Such as ASD and
ADHD

Autism Spectrum Disorder (ASD) is a heterogeneous illness characterized by a diverse
array of symptoms and varying degrees of severity, resulting in its designation as a
"spectrum" disorder. Studies have repeatedly shown that individuals with ASD display
atypical brain architecture and functioning, especially in areas related to speech, social
interaction, and sensory processing [68,69]. These structural and functional anomalies
can impair the brain networks essential for learning, memory, and emotional
regulation. Autism Spectrum Disorder (ASD) exhibits a greater frequency in boys,
impacting roughly 1 in 54 children in the United States. While the exact etiology of
ASD is still unknown and no remedy is available, neuroimaging research has greatly
enhanced our comprehension of the cerebral pathways implicated in this
neurodevelopmental condition [71,72,73]. Research has discovered variances in the
size and shape of the amygdala, crucial for emotional processing, as well as differences
in the connectivity and structure of the prefrontal cortex, which is essential for social
cognition and executive processes [77,78,79,80]. Attention Deficit Hyperactivity
disease (ADHD), a common neurodevelopmental disease, affects roughly 6-9% of
children and 5% of adults worldwide [81,82]. Neuroimaging research indicates
significant structural and functional disparities in the brains of individuals with ADHD
relative to those without the condition [83]. Abnormalities have been detected in the
prefrontal cortex, basal ganglia, and cerebellum, regions associated with attention,
motivation, and motor control [84,85]. The symptomatology of ADHD is marked by
challenges in attention, impulsivity, and activity regulation, which can fluctuate in
severity and profoundly impact academic, social, and vocational performance.
Neuroimaging studies have revealed abnormalities in the dimensions of the basal
ganglia, integral to motor control and reward processing [86,87], alongside
modifications in the activity and connectivity of the prefrontal cortex, essential for
attentional control and executive processes [88,89]. These findings offer significant
insights into the neurological underpinnings underlying ADHD and guide prospective
therapies.

TES in ASD

Transcranial Electrical Stimulation (TES) has lately garnered interest as a potential
treatment intervention for Autism Spectrum Disorder (ASD)
[90,91,92,93,94,95,96,97,98]. Transcranial Direct Current Stimulation (tDCS), a kind
of TES, utilizes mild electrical currents to influence cortical excitability and has
surfaced as a prospective intervention for ASD [90,93,94,95,97,99]. Investigations
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into the effects of tDCS on patients with ASD have evaluated its influence on cerebral
metabolism, symptom alleviation, social cognition, social skills, and modulation of
EEG activity. Several studies have indicated favorable results, suggesting that tDCS
may provide advantages in addressing specific ASD symptoms, notably those
associated with social communication impairments. Despite the evidence being
preliminary, tDCS demonstrates potential as an additional therapy for ASD.

TES in ADHD

The utilization of TES, namely tDCS, has been examined as a therapeutic intervention
for ADHD. tDCS has demonstrated potential in enhancing attention and diminishing
hyperactivity in children with ADHD by altering cortical excitability
[100,101,102,103,104,105]. Numerous studies have demonstrated the beneficial
impacts of tDCS on cognitive functions, including cognitive control, inhibitory
control, attentional set-shifting, and working memory, indicate that tDCS may
effectively mitigate ADHD symptoms, improving cognitive and behavioral outcomes.
Although additional study is necessary, the existing data endorses tDCS as an effective
intervention for controlling ADHD.

Neuroimaging Studies on Neurological Disorders, Such as AD and PD

Alzheimer’s Disease (AD), a progressive neurological disorder, is the predominant
cause of dementia, representing 60—80% of global dementia cases [106]. The defining
characteristics of Alzheimer's disease (AD) include the aggregation of amyloid
plaques and tau tangles, which impair cellular communication and lead to neuronal
degeneration [107,108,109]. Initial symptoms generally encompass memory
impairment, especially regarding recent information, and as the condition progresses,
individuals encounter deficiencies in language, spatial cognition, problem-solving
abilities, and daily activities. Mood, behavior, and personality alterations are also
prevalent. Diagnosis generally entails neurological assessments, cognitive
evaluations, and imaging techniques such as MRI scans [111]. Although a cure is
unavailable, treatments focus on symptom management and the deceleration of disease
development. Neuroimaging has been essential in revealing the structural and
functional changes in the brains of Alzheimer's disease patients. Research has shown
substantial decreases in brain volume, especially in the hippocampus, a region critical
for memory, as well as modified connections among brain regions and alterations in
glucose metabolism. Parkinson’s Disease (PD) is a common neurological condition,
impacting over 1% of the population over 60 years of age [118]. Initial manifestations
of Parkinson's Disease encompass tremors, rigidity, and bradykinesia; as the condition
advances, individuals encounter motor deficits, notably in balance and coordination.
Non-motor symptoms, including depression, anxiety, and sleep difficulties, also
manifest. Diagnosing Parkinson's Disease necessitates thorough evaluations,
encompassing neurological assessments, imaging modalities like MRI scans, and the
evaluation of both motor and non-motor symptoms [120]. Although Parkinson's
disease is presently incurable, treatment emphasizes the management of symptoms.
Neuroimaging studies have been pivotal in revealing significant alterations in
Parkinson's disease, including diminished dopaminergic activity resulting from the
degeneration of dopaminergic neurons, as well as changes in the size and connectivity
of brain regions associated with movement regulation, notably the basal ganglia and
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motor cortex. These discoveries are crucial for diagnosing, monitoring, and
formulating novel therapy strategies for PD.

TES in AD

The therapeutic efficacy of transcranial electrical stimulation, namely transcranial
direct current stimulation, has been investigated as an intervention for cognitive
deterioration and memory impairments in Alzheimer's disease. Numerous research
suggest that tDCS may augment cognitive performance and memory in persons with
Alzheimer's disease, hence enhancing daily living activities and general functioning
[125,126]. Studies utilizing tDCS have specifically seen beneficial effects on cognitive
functions and memory in patients with Alzheimer's disease [127,128,129,130].
Although these data are preliminary, they indicate that tDCS may be a useful remedy
for cognitive deficits in people with Alzheimer's disease.

Conclusion:

The integration of advanced functional magnetic resonance imaging (fMRI) and
electroencephalography (EEG) technologies has profoundly transformed the field of
neuroscience. These non-invasive techniques have allowed for precise measurements
of brain activity, offering new insights into both normal and pathological brain
function. Recent advancements in fMRI technology, such as higher spatial resolution,
real-time imaging, and multimodal capabilities, have significantly enhanced our
ability to map brain activity with exceptional accuracy. For instance, the ability to
capture neural activity at sub-millimeter resolutions and the introduction of ultrahigh
field scanners (e.g., 7T) has facilitated the identification of fine-grained brain
structures and networks. Furthermore, the integration of fMRI with EEG and other
neuroimaging methods has enriched the study of brain connectivity, providing a
holistic view of brain dynamics that was previously unattainable. These advances have
critical implications for the study and treatment of neurological disorders such as
Alzheimer's, Parkinson's, and schizophrenia, as they allow for more precise
localization of dysfunction and offer insights into the mechanisms underlying these
conditions. EEG, with its high temporal resolution, continues to be a vital tool for
tracking rapid brain processes. Innovations such as high-density electrode arrays, real-
time source localization, and the development of wearable EEG systems have
expanded the potential for EEG to be applied in both clinical and research settings.
The ability to assess neural oscillations, brain connectivity, and event-related
potentials with unprecedented precision has provided valuable data for understanding
cognitive processes and psychiatric disorders like depression and attention deficit
hyperactivity disorder (ADHD). In clinical settings, these neuroimaging
advancements have opened the door to more personalized approaches to diagnosis and
treatment. fMRI and EEG are increasingly being utilized to guide therapeutic
interventions such as deep brain stimulation and neurofeedback, offering tailored
solutions to patients based on their specific neural activity patterns. Additionally, the
application of these techniques in neurodevelopmental and neurodegenerative
disorders has contributed to the identification of biomarkers and the development of
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targeted treatments. In conclusion, the continuous evolution of fMRI and EEG
technologies has significantly advanced the understanding of brain function. Their
integration into both research and clinical applications has provided deeper insights
into the neural bases of cognition, emotion, and behavior, offering hope for improved
diagnostics and interventions for neurological and psychiatric disorders.
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