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ABSTRACT

Despite its temporal resolution and relatively low cost, electroencephalography (EEG) is one of the most popular methods for investigating brain dynamics
because it is noninvasive. Nonetheless, the interpretation of EEG signals essentially relies on the solution of the forward problem, accounting weakly for the
electrical activity produced in the brain and how it diffuses, thus arousing scalp potentials. Over the past few years, the development of computational
neuroscience and numerical modeling has resulted in increasingly complex forward models using realistic head geometries, anisotropic tissue
conductivities, and fine numerical solvers. This review provides an in-depth discussion of the latest forward numerical techniques applied in the analysis of
EEG data, including Boundary Element Methods (BEM), Finite Element Methods (FEM), Finite Difference Methods (FDM), and hybrid-computational
methods. Other strategies for head modeling, recent computer advances, and the importance of software structures for EEG modeling are also discussed in
this review. In addition, it highlights existing issues, such as ambiguity with respect to conductivity, intersubject variability, and computational cost.
Finally, new advances in physics-inspired and data-driven modeling techniques are addressed, and the evolution towards more realistic and explainable
EEG forward answers is discussed. The review finds that although there have been tremendous advances, the discipline still requires better integration of
anatomical realism, numerical stability, and computational efficiency. This review comprises recent advances in Al-supported forward modeling, physics-
guided computational methods, and subject-specific conductivity estimation techniques published between 2020 and 2026, none of which have been
summarized in any of the prior reviews on EEG forward modeling, which have mostly focused on numerical solutions only. Moreover, it compares classical
and emerging numerical methods and presents their advantages and disadvantages, particularly in terms of their applicability to current neuroimaging and

brain-computer interface systems.
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1. Introduction

EEG is one of the most commonly used non-invasive
neuroimaging methods because it has excellent temporal
resolution, is portable, and is relatively easy to perform,
making it a valuable tool for investigating brain activity.
EEG measures the electric potentials produced by the
coordinated activity of neuronal populations, mainly
pyramidal cells of the cerebral cortex [1]. EEG does not
measure the neural activity of individual neurons but rather
the cumulative activity of populations of neurons, which
provides information on cognitive, sensory, and motor
processing [2].

The conductive properties of tissues, such as the brain,
cerebrospinal fluid (CSF), skull, and scalp, allow the
measured electrical signals at the electrodes on the outside of
the head to be affected by the characteristics of these tissues.
These have specific electrical conductivities and together
create a complex volume conductor that alters the spatial
distribution of neural signals before reaching the scalp
surface [3, 4]. Therefore, a thorough comprehension of the
biophysical mechanisms of signal propagation in the head is
necessary for accurately interpreting EEG recordings.

The EEG inverse problem involves determining the
location of the neural sources of a given measurability in the
brain, based on scalp electric potentials. The EEG forward
problem is a mathematical prediction of the electric
potentials recorded on the scalp from the neural current
source inside the brain. This is because it forms a basic part
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of EEG analysis, as it is used to solve the inverse problem of
inferring the location and strength of the underlying
generators of brain activation from measurements of EEG
signals [5, 6]. The source localization accuracy and
neurophysiological interpretation of the same rely heavily on
the quality of the forward model used in this study.

With the advent of a new era of computing related to
neuroscience and medical imaging, forward modeling of
EEG has significantly improved in recent years. Modern
numerical methods allow the inclusion of complex tissue
geometries and heterogeneous conductivity distributions [7],
and high-resolution magnetic resonance imaging (MRI)
allows the construction of anatomically realistic head
models. Additionally, high-fidelity simulation models have
been developed to more accurately simulate physiological
conditions with higher computational power [8].

This review provides a thorough description of the latest
numerical solutions to the EEG forward problem, such as the
Boundary Element Method (BEM), Finite Element Method
(FEM), Finite Difference Method (FDM), and hybrid
modeling. Head modeling strategies, recent computational
advances, and new trends influencing the future of EEG
forward modeling and source localization research are also
discussed.

2. EEG Forward Problem Fundamentals

The EEG forward problem defines the connection
between the sources of neural currents within the brain and
the electrical scalp-recorded potentials. It is based on the
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quasi-static approximation of Maxwell’s equations, which is
appropriate for examining low-frequency brain activity [9].

The neural activity model is that of primary currents that
produce electric fields in the brain. These areas extend to the
scalp electrodes through various head tissues. The
conductivity of various tissue layers by electricity controls
its propagation process; hence, the head is a complex volume
conductor [10].

The EEG forward problem is commonly expressed as
V-(aVgp)=V-JP

Where: o denotes the electrical conductivity tensor of the
head tissues, ¢ represents the electric potential distribution,
JP denotes the primary current density generated by neuronal
activity, where V is a vector differential operator. This
equation explains the behavior of internal brain sources in
generating measurable electrical potential on the scalp.

Several components must be defined to solve this
equation. First, the geometry of the head should be modeled
by incorporating the brain, skull, cerebrospinal fluid, and
structures of the scalp [11]. Second, the conductivity values
of each tissue type must be assigned, considering that there
can be anisotropies in some areas, such as the white matter.
Third, the makeup of the neural sources should be provided,
usually by equivalent current dipoles or distributed-source
models. Finally, the placement of electrodes and reference
schemes should be provided to obtain the scalp potentials.

The forward problem is mathematically well-posed; that
is, there is only one solution, given a set of inputs. However,
it is highly sensitive to the modeling parameters used. Minor
anomalies in the conductivity values, especially in the skull,
or errors in the head geometry may have a serious influence
on the scalp potentials obtained [12]. Sensitivity necessitates
proper forward modeling to obtain reliable EEG source
localization and interpretation.

3. Head Modeling Approaches

EEG forward modeling is heavily dependent on the
quality of the representation of the human head as a volume
conductor. Head modeling is an essential process for
ascertaining the accuracy of a forward solution because scalp
potentials are calculated based on the electrical properties
and geometry of internal tissues [13]. Modeling techniques
have been developed over the years to address these issues.
Initially, models were based on very simplistic geometry, but
they are now represented in detail, with the anatomy based
on MRI data to represent the realistic structure of the brain
and the conductivity distribution.

3.1 Spherical Head Models

Strongly influenced by the earlier modeling of both radio
frequency and microwave artifacts, their earliest models of
EEG forward modeling utilized the principle of a spherical
head, where the brain, skull, and scalp were modeled as
concentric  spheres [14]. These models presuppose
homogeneous conductivity in each layer and ideal symmetry
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of the head’s geometry. Their main strength is their
mathematical simplicity, which enables analytical or semi-
analytical solutions of the forward problem at a low cost.
Therefore, the early history of EEG theory and source
localization techniques extensively applied spherical
models [15].

Nevertheless, there are serious constraints to using
spherical models. A human head is not geometrically
spherical; its geometric shape differs significantly among
individuals and is anatomically different. Complex aspects
of brain structures, such as cortical folding, skull thickness
variation, and asymmetry, cannot be addressed using such
simplified models [16]. In addition, localized variations in
conductivity or complicated interactions between tissues at
the edges cannot be correctly represented in spherical
models. Such models tend to generate faults in the location
of sources and do not realistically depict the spatial
distributions of scalp potentials [17].

3.2 Realistic MRI-Based Models

To solve the shortcomings of the solution of EEG by a
set of spherical approximations, recent EEG forward
modeling has increasingly been based on MRI head models.
These models are built based on high-resolution structural
MRI scans, thus providing the ability to segment individual
tissues within the head [18]. The head comprises several
compartments, including the gray matter, white matter,
cerebrospinal fluid (CSF), skull, and scalp. Every
compartment is specified with particular conductivity values,
and in certain instances, anisotropic conductivity is also
added, especially in the case of white matter regions [19].

The realism of forward simulations in MRI models is
significantly enhanced. They consider individual brain
variations in the form of brain structure, skull thickness, and
tissue boundaries, which result in a more effective
estimation of scalp potentials [20]. This is especially
relevant when localizing sources is of interest, as a small
error in the forward modeling may cause large errors in the
estimated positions of the neural sources.

Although MRI-based models have multiple benefits, they
require complicated preprocessing, such as image
segmentation, mesh creation, and conductivity value
determination. These are computationally expensive
processes with the potential for error when there is incorrect
segmentation [21]. Moreover, it is not always possible to
build subject-specific models using large datasets or clinical
settings. However, MRI-based modeling can be regarded as
the gold standard for high-precision EEG forward modeling
because of its anatomical validity.

3.3 Tissue Conductivity Modeling

One critical issue in head modeling is the assignment of
electrical conductivity values to different tissues.
Conductivity is the ease with which electrical currents can
flow within each part of the head, and it directly affects the
distribution of scalp potentials. The skull has one of the most
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important functions in all tissues because it has low
conductivity compared with brain tissue and cerebrospinal
fluid [22]. This forms a resistive barrier that contributes
significantly to the spatial smoothing of the EEG signals.

Recent studies have indicated that skull conductivity
varies tremendously among individuals, creating uncertainty
in forward models. This variability may have a significant
impact on the accuracy of EEG source localization unless it
is well considered [23]. Despite the assumption of isotropic
conductivity, more recent studies have accounted for
anisotropic conductivity, notably in the white matter, where
the direction of the current can be affected by the fiber
orientation. Anisotropy can be incorporated to enhance
physiological realism, although at the cost of computation.

4.  Numerical Forward Methods
4.1 Boundary Element Method (BEM)

One of the most commonly used numerical methods in
EEG forward modeling is the Boundary Element Method,
which is computationally efficient. The BEM does not
discretize the total volume of the head but considers only the
boundaries between various tissue compartments [24]. This
drastically minimizes the number of elements required for a
calculation, making it relatively faster and less resource-
demanding than volumetric techniques.

The BEM is effective in layered models of the head with
isotropic conductivity when the interfaces between the
tissues are well-defined. It has been widely applied to EEG
toolboxes and is widely used in source-localization
pipelines. However, its performance is reduced in the case of
complex geometries or anisotropic conductivity distributions
[25]. BEM cannot accurately model the directionality of
electrical flow in some tissues, such as white matter, because
of the assumption of homogeneous conductivity within
compartments. Consequently, it might not be very accurate
when it comes to very realistic modeling.

4.2 Finite Element Method (FEM)

The Finite Element Method is now considered one of the
most precise methods for solving EEG forward problems.
The FEM divides the entire volume of the head into many
small parts, thus enabling an intricate description of the
geometry and conductivity distribution [26]. This renders it
the most appropriate modeling tool for intricate anatomical
structures and the incorporation of the anisotropic properties
of tissues.

Recent studies have pointed out that in situations with
non-regular geometry and non-uniform conductivity, FEM
offers better performance. This enables an accurate
simulation of cortical folding, skull thickness, and tissue
anisotropy, resulting in a more lifelike simulation of scalp
potentials [27].

However, this greater precision comes at the cost of
significantly higher computational requirements. Mesh
generation also needs to be performed carefully and can be
technically and time-consuming in the FEM.

4.3 Finite Difference Method (FDM)

The Finite Difference Method uses differential equations
by approximating them using a grid of the head volume. It is
less frequently used in current EEG research; however, it is
still applicable in reduced simulations because of its easy
implementation [28]. FDM is numerically efficient for
regular grid systems and offers consistent numerical results
under controlled conditions. However, FDM is less flexible
in depicting complex anatomical geometries. It is difficult to
model irregular tissue compartment boundaries realistically;
hence, it is less realistic for modeling the head than the other
methods. When used on actual EEG data, its accuracy is
generally lower than that of the FEM and BEM [29].

4.4 Hybrid Methods

Hybrid computational techniques are a more recent
development that strikes a compromise between
computational speed and anatomy. They are based on a
combination of FEM and BEM or analytical and numerical
methods to enhance performance. The aim is to maintain the
precision of volumetric procedures while decreasing the
computational cost [30].

Recent developments have been made in high-resolution
EEG source localization systems, in which hybrid models
are expected to be used with respect to their efficiency and
realism [31].

These techniques are especially promising for large-scale
or real-time EEG applications, where the conventional FEM
is computationally prohibitive.

One approach is known as domain decomposition, in
which each part of the head's representation is derived from
a separate numerical approach. For instance, when the skin
structure is characterized by homogeneous outer layers,
BEM can be employed. In contrast, complex tissues, such as
inner tissues, can be characterized as skin tissues with
heterogeneous and/or anisotropic conductivity, which is
paralleled by the application of the FEM. This reduces the
risk of wasting time and causes inaccurate results.

Interface matching methods are also used to cure electric
potential and current density discontinuities at common
interfaces between the numerical domains. These must be
performed to reduce the numerical errors and ensure
physical realism. A recent study suggests that the hybrid
model can achieve similar accuracy as the full-FEM model
of smaller computational costs, especially for high-
resolution source localization and real-time neurofeedback
and brain—computer interface (BCI) applications.

4.5 EEG Forward Modeling Software Platforms

Because of the increasing complexity of EEG forward
modeling, different software packages have been developed
to allow realistic head modeling and numerical simulations.
The tools vary according to their numerical and application
bases, computational features, and the types of problems
they address. Open MEEG is a popular open-source package
that implements the Boundary Element Method (BEM) [32].
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It offers forward solutions for multilayer head models
efficiently and is often incorporated into EEG/MEG analysis
pipelines. It has a significant advantage in terms of
computational efficiency, but is less applicable for
simulating the behavior of anisotropic conductivity.

The main method used in SimBio is the Finite Element
Method (FEM), which can model complex anatomical
structures and different tissue conductivities in detail [33].
This increases the consumption of computational resources
and adds complexity to meshing; however, it increases the
modeling accuracy.

Brainstorm is a popular neuroimaging software with a
user-friendly GUI and the possibility of integrating solvers
for the field created by the BEM or FEM [34]. 2023). It is
easy to use and can be incorporated into clinical and research
work; however, it may require additional software for
advanced modeling options.

FieldTrip is a MATLAB toolbox for multiple forward
modeling approaches, such as spherical models, BEM, and
FEM [35]. It is flexible and allows researchers to compare
various modeling techniques in one place. The setup is quite
complex, but the intricacies would make it difficult for
amateur users.

MNE-Python is an all-encompassing open-source
research platform featuring tools for forward modeling,
source localization, visualization, and incorporation into
MRI [36]. Although some advanced FEM packages are
required, it is highly flexible and is used extensively in
computational neuroscience. These platforms have greatly
enhanced the accessibility and replicability of EEG forward
modeling and continue to contribute to the progress of
neuroimaging studies.

5. Comparative Analysis of Methods

EEG forward modeling methods vary significantly in
terms of their accuracy, computational efficiency, and
anatomical realism. These variations define their
appropriateness for diverse applications, both in clinical
EEG interpretation and state-of-the-art research in
computational neuroscience [37]. Some of the most
widespread methods include the Boundary Element Method
(BEM), Finite Element Method (FEM), Finite Difference
Method (FDM), and hybrid methods that use a combination
of more than two different methods. Table 1 summarizes the
major characteristics of the EEG forward numerical methods
discussed in this study.

The BEM is well known to be computationally efficient
and comparatively easy to implement. It also works well in
stratified head models, in which the tissues are considered
homogeneous and isotropic. However, it is not very accurate
for complex geometries or anisotropic conductivity
distributions [38]. FEM offers the most anatomical realism
because it considers the full volume of the head and allows
for a detailed representation of the heterogeneity of the
tissues.
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Table 1: Comparative Characteristics of EEG Forward Numerical Methods

Method Accuracy Computational Anat_omlcal Use Case
Cost Realism
Research-
FEM High High High grade
modeling
. . . . Advanced
Hybrid High Medium High EEG studies
BEM Medium Low Moderate Clinical EEG
Low- Simplified
FDM Medium Low Low models

This renders FEM more applicable to precise research
applications, but it is significantly more expensive than the
other methods. FDM is easy to use and requires minimal
computation time; however, it is not flexible enough to
describe realistic anatomical structures, which is why it is
not applicable to more complex EEG applications. In hybrid
approaches, trade-offs are balanced by integrating the
advantages of various methods to provide better accuracy
and moderate computational costs.

6. Applications in EEG and BCI

A large variety of applications involving the use of EEG
depend on forward modeling because of the need to
determine the correlation between neural and electrical
sources measured at the scalp. EEG data cannot be
accurately interpreted without correct forward models, which
are subject to misleading findings. Another significant
application is source localization, which involves solving
inverse problems using forward models [39]. By more
faithfully simulating the propagation of electrical activity
through the tissues of the head, life scientists will be in a
better position to make more accurate estimates of the
location and intensity of brain sources. This is especially
essential in neuroscience studies and clinical diagnoses,
where the localization of neural activity must be precise.

Forward modeling in brain-computer interface (BCI)
systems aids in the better interpretation of signals by
enhancing spatial filtering and feature extraction. Proper
evaluation of the scalp potentials will be used to differentiate
between relevant neural signals, noise, and artifacts, thus
enhancing decoding performance [40]. This is particularly
significant in real-time systems, such as neuroprosthetics,
communication systems used by paralyzed patients, and
adaptive control systems.

Examples of the clinical uses of forward modeling
include the localization of epilepsy, where the localization of
a seizure-onset zone is important for planning treatment. It is
also applicable for assessing brain injury, where variations in
electrical activity may indicate functional impairment [41].

In addition, neurological conditions such as
Alzheimer's disease and those related to stroke are
influenced by better EEG readings, which are made possible
by precise forward models.
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In cognitive and affective neuroscience, forward
modeling is used to analyze the distributed brain activity
involved in mental processes, including attention, memory,
decision-making, and emotion regulation. Given that these
processes are mediated by complex, spatially distributed
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Fig. 1: Comparison of EEG Forward Numerical Methods

7. Current Challenges

Although EEG forward modeling has made great
strides, several obstacles constrain the accuracy and
generality of the current models. Conductivity uncertainty
is one of the most critical factors, particularly in skull
tissue [43]. The conductivity of the skull can vary widely
over time in different individuals, and even minor
differences in the assumed values can produce significant
errors in the estimated scalp potentials. This makes
conductivity estimation one of the most significant sources
of uncertainty in forward modeling.

Another significant obstacle is the anatomical
differences between people. Variations in brain structure,
skull thickness, and tissue composition imply that what
works well in one subject might not be an accurate
generalization to another [44]. Although subject-specific
MRI-based models have the potential to reduce this issue,
such models cannot be used in large-scale investigations or
clinical practice because of cost and accessibility issues.

Another significant problem is the misplacement of the
electrodes. A minor mistake in electrode placement can
create serious deviations in the outcome of source
localization. This is particularly topical in the case of
clinical and wearable EEG systems, where there may be a

High accuracy in complex
volume conductors

reduced cost

©)

Good balance between
accuracy and cost

@ Simple implementation
\_)) and low cost

problem with the consistent implementation of an accurate
electrode placement [45].

Computational costs are also a significant constraint,
particularly for high-resolution FEM models. Such models
require a large amount of processing power and memory
and are difficult to use in real-time applications or with
large datasets [46]. This has raised concerns regarding
more efficient hybrid practices, although trade-offs
between speed and precision remain. Finally, model
validation is an essential challenge in this field. Given that
the real locations of neural sources are immeasurable in
human subjects, it is difficult to determine the absolute
ground truth of the forward models. Most validation
methods are based on simulations or indirect comparisons,
which prevents a complete evaluation of model accuracy.
The limitations of this study highlight the importance of
further studies on stronger, more effective, and more
physiologically realistic forward model mechanisms.

8. Recent Developments (2020-2026)

The last several years have also seen rapid development
in EEG forward modeling owing to advancements in
computing capacity, numerical models, and data-based
models. Among the biggest changes, the development of
physics-informed forward models is one of the most
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important advancements [47]. They combine the laws of
physical propagation of electromagnetism with numerical
solvers to ensure that the solutions are consistent with the
underlying biophysics and are more computationally
efficient. This combination enables the interpretation of
models and reduces the drawbacks of older computational-
optimization methods.

Al-aided mesh aided by Al is another important
development. In legacy finite element models, mesh
construction is performed manually or semi-autonomously,
thus consuming time and having the possibility of errors.
Mesh refinement is currently being automated using
machine learning techniques, resulting in better precision
and speed in the construction of models [48]. This is
especially helpful for high-resolution head models based
on MRI data, where anatomical complexity requires
adaptive meshing strategies.

Deep learning has also been applied to conductivity
estimation (specifically to estimate skull conductivity),
which is one of the most challenging parameters to
estimate in EEG forward modeling. Data-driven methods
can be used to learn to map observed EEG patterns to
known conductivity distributions to produce better
parameter estimates for the subject [49]. Although these
methods are still being developed, they have promising
capabilities for alleviating one of the most significant
contributors to forward model errors.

Another valuable innovation is the real-time forward-
solver. Owing to the progress in computing GPUs and
mathematical algorithms, it is now possible to compute
forward solutions faster than before. This is especially true
for brain-computer interface (BCI) systems, where real-
time processing is required to achieve good performance
within the system [50]. Finally, subject-specific
conductivity calibration has received increasing interest.
Instead of using literature values of conductivity, current
methods seek to approximate the values of conductivity
directly using personal data. This increases the
personalization of head models and improves their research
and clinical applications. In general, recent research (2022-
2025) points to the combination of machine learning and
traditional numerical solvers as the main method for
enhancing efficiency and interpretation.

9. Discussion

The history of the development of EEG forward
modeling shows an evident shift from simplified analytic
representations to extremely detailed numerical modeling
that includes realistic anatomy and complicated
conductivity architecture [51]. Approaches founded on
approximations based on sphericities offer background
knowledge but cannot accurately identify sources owing to
the absence of the anatomical details needed in such
approximations. In contrast, modern head models based on
FEM and MRI-based head reconstructions have greatly
enhanced the realism of forward solutions.
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The Finite Element Method is the most precise
numerical method because it can account for complex
geometries and heterogeneous tissue characteristics.
Nevertheless, it is still computationally expensive and can
only be applied in a few cases in real time or on a large
scale [52]. The reason is that the Boundary Element
Method remains a highly efficient method, but is not as
effective in the anisotropic conductivity of materials, as
well as with highly irregular geometries. This
accuracy/efficiency trade-off remains the primary focus of
EEG forward modeling.

A recent shift towards hybrid and data-driven methods,
which combine physics-based modeling with machine
learning techniques, has been observed. The goals of these
methods are to maintain classical numeric model
interpretability and enhance computational performance
and flexibility [53]. The trend is a general shift in
computational neuroscience towards a combination of
mechanistic models and statistical learning.

One major lesson from the recent literature is that the
problem of improving forward models is not a numerical
problem. Rather, it relies on various interacting factors,
such as anatomical accuracy, conductivity estimation,
electrode placement, and preprocessing quality. Even the
most developed numerical solvers might yield false results
in the case of some incorrect anatomical or physiological
assumptions. Thus, forward modeling must be considered a
holistic issue that incorporates physics, biology, and
computation.

EEG and magnetoencephalography (MEG) both seek to
describe the behavior of the brain by measuring
electromagnetic  fields, but they have different
requirements in terms of forward modeling. EEG is
sensitive to differences in the conductivity of tissues,
especially the skull, because electrical potentials are
transmitted through conductive tissues to the electrodes on
the scalp. In contrast, MEG measures magnetic fields that
are comparatively less influenced by the conductivity
heterogeneity. This implies that EEG forward models are
more strongly constrained by the detailed characterization
of conductivity, whereas MEG forward models are more
sensitive to the correct source geometries. The
complementary nature of EEG and MEG has encouraged
the development of multimodal approaches that combine
the high temporal resolution of both types of sensors with
improved spatial localization accuracy.

10. Conclusion

Forward numerical modeling is a vital element of EEG
analysis because it allows the transformation of neural
electrical activity into scalp potentials. No interpretation of
the EEG signals and credible source localization would
have been feasible without the correct forward model. In
the last ten vyears, there have been considerable
advancements in the accuracy, realism, and computational
efficiency of such models.
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More recent developments, especially those using the
Finite Element Method (FEM) and MRI-based head
geometries, have significantly improved the physiological
reality of forward simulations. Such advancements have
allowed for a more precise depiction of brain tissue
heterogeneity, skull conductivity variations, and individual
anatomical variations. Simultaneously, the increase in
computing power has enabled the use of increasingly
complex models in real-world applications. However,
several challenges remain to be addressed in this regard.
The uncertainty of conductivity, particularly in skull tissue,
remains a significant drawback. Moreover, intersubject
anatomical variations challenge the transfer of models
between  populations.  High-resolution  FEM-based
approaches are also limited by their computational cost,
particularly in real-time applications. Moreover, it is not
possible to complete the validation of forward models
because of the absence of direct ground-truth information
about neural sources.

Researchers are likely to follow such directions in the
future, attempting to overcome the disadvantages of hybrid
modeling frameworks and Al-aided numerical simulations.
These approaches exploit the advantages of physics-based
modeling and machine learning to achieve high accuracy
and efficiency. Adaptive conductivity estimation and
subject-specific modeling are also bound to gain greater
significance in improving model performance.

References

[1] F. I. Abdullahi and R. M. Demirer, "Boundary Element Method for
EEG Single-Dipole Localization: A Study in Patients with OCD
Disorder," in Proc. 33rd Signal Processing and Communications
Applications  Conference  (SIU), 2025, pp. 1-4, doi:
10.1109/S1U66497.2025.11111897.

[2] P. M. Abhilash, X. Luo, Q. Liu, and Y. Qin, "A Novel Hybrid
Explainable Artificial Intelligence Modelling Approach for Smart
Manufacturing,” International Journal of Advanced Manufacturing
Technology, vol. 143, nos. 1-2, pp. 421-437, 2026, doi:
10.1007/s00170-025-17157-4.

[3] Z. A. Acar, C. E. Acar, and S. Makeig, "Simultaneous Head Tissue
Conductivity and EEG Source Location Estimation,” Neurolmage,
vol. 124, pp. 168-180, 2015, doi:
10.1016/j.neuroimage.2015.08.032.

[4] M. Antonakakis, S. Schrader, U. Aydin, A. Khan, J. Gross, M.
Zervakis, S. Rampp, and C. H. Wolters, "Inter-Subject Variability of
Skull Conductivity and Thickness in Calibrated Realistic Head
Models," Neurolmage, vol. 223, Art. no. 117353, 2020, doi:
10.1016/j.neuroimage.2020.117353.

[51 A. Awada, "Effect of Conductivity Uncertainties and Modeling
Errors on EEG Source Localization Using a 2-D Model," |EEE
Transactions on Biomedical Engineering, vol. 45, no. 9, 2026, doi:
10.1109/10.709557.

[6] S. Baillet, "Forward and Inverse Problems of
Magnetoencephalography/Electroencephalography,” in
Encyclopedia of Computational Neuroscience, 2014, pp. 1-8, doi:
10.1007/978-1-4614-7320-6_529-1.

[71 K. Bampali, M. Hadjinicolaou, and G. Kamvyssas, "Analytical
Solution for Electric Potential in a Homogeneous Anisotropic
Spherical Head Model with Directional Conductivity," in Proc.
IEEE 25th International Conference on Bioinformatics and
Bioengineering (BIBE), 2025, pp. 287-293, doi:
10.1109/BIBE66822.2025.00055.

[8] R.R.Bond, D. D. Finlay, C. D. Nugent, C. Breen, D. Guldenring,
and M. J. Daly, "The Effects of Electrode Misplacement on

(9]

(10]

[11]

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

Clinicians’ Interpretation ~ of  the  Standard 12-Lead
Electrocardiogram,” European Journal of Internal Medicine, vol.
23, no. 7, pp. 610-615, 2012, doi: 10.1016/j.jim.2012.03.011.

G. Buzsaki, C. A. Anastassiou, and C. Koch, "The Origin of
Extracellular Fields and Currents—EEG, ECoG, LFP and Spikes,"
Nature Reviews Neuroscience, vol. 13, no. 6, pp. 407420, 2012,
doi: 10.1038/nrn3241.

J. C. de Munck, C. H. Wolters, and M. Clerc, “EEG and MEG:
Forward modeling,” in Handbook of Neural Activity Measurement,
R. Brette and A. Destexhe, Eds. Cambridge, U.K.: Cambridge
University Press, 2012, pp. 192-256.

E. Depuydt, R. Oostenveld, D. Letter, M. van Mierlo, and V. Piai,
"The Impact of Brain Tumors and Craniotomy Lesions on Scalp
EEG," Brain Topography, vol. 39, no. 2, 2026, doi:
10.1007/s10548-026-01178-7.

1. Despotovi¢, B. Goossens, and W. Philips, "MRI Segmentation of
the Human Brain: Challenges, Methods, and Applications,"
Computational and Mathematical Methods in Medicine, vol. 2015,
Art. no. 450341, 2015, doi: 10.1155/2015/450341.

T. Erdbrigger, A. Westhoff, M. B. Héltershinken, and C. H.
Wolters, "CutFEM Forward Modeling for EEG Source Analysis,"
Frontiers in  Human Neuroscience, vol. 17, 2023, doi:
10.3389/fnhum.2023.1216758.

M. Forssell, C. Goswami, A. Krishnan, M. Chamanzar, and P.
Grover, "Effect of Skull Thickness and Conductivity on Current
Propagation for Noninvasively Injected Currents,” Journal of
Neural Engineering, vol. 18, no. 4, Art. no. 046042, 2021, doi:
10.1088/1741-2552/abebc3.

L. C. Frey, J. W. Britton, J. L. Hopp, P. Korb, M. Z. Koubeissi, W.
E. Lievens, E. M. Pestana-Knight, and E. K. St. Louis,
"Introduction,” National Center for Biotechnology Information,
2016.https://www.ncbi.nlm.nih.gov/books/NBK390346/.

K. Glomb, J. Cabral, A. Cattani, A. Mazzoni, A. Raj, and B.
Franceschiello, "Computational Models in
Electroencephalography,” Brain Topography, vol. 35, no. 1, pp.
142-160, 2021, doi: 10.1007/s10548-021-00828-2.

Y. Hafez, "Why the Finite Element Method Is the Best Numerical
Method," ResearchGate, 2025, doi: 10.13140/RG.2.2.18078.86080.

H. Hallez, B. Vanrumste, R. Grech, J. Muscat, W. De Clercq, A.
Vergult, Y. D’Asseler, K. P. Camilleri, S. G. Fabri, S. Van Huffel,
and |. Lemahieu, "Review on Solving the Forward Problem in EEG
Source Analysis," Journal of NeuroEngineering and Rehabilitation,
vol. 4, no. 1, Art. no. 46, 2007, doi: 10.1186/1743-0003-4-46.

G. W. Johnson, L. Y. Cai, D. J. Doss, J. W. Jiang, A. S. Negi, S.
Narasimhan, D. L. Paulo, H. F. J. Gonzélez, S. W. Roberson, S. K.
Bick, C. E. Chang, V. L. Morgan, M. T. Wallace, and D. J. Englot,
"Localizing Seizure Onset Zones in Surgical Epilepsy with
Neurostimulation Deep Learning,” Journal of Neurosurgery, vol.
138, no. 4, pp. 1002-1012, 2022, doi: 10.3171/2022.8.JNS221321.

Z. Juhasz and G. Kozmann, "A GPU-Based Simultaneous Real-
Time EEG Processing and Visualization System for Brain Imaging
Applications,” in  Proc. 38th International Convention on
Information and Communication Technology, Electronics and
Microelectronics (MIPRO), 2015, doi:
10.1109/MIPR0O.2015.7160283.

S. L. Kappel, S. Makeig, and P. Kidmose, "Ear-EEG Forward
Models: Improved Head Models for Ear-EEG," Frontiers in
Neuroscience, vol. 13, 2019, doi: 10.3389/fnins.2019.00943.

K. M. Lee, F. Ferreira-Santos, and A. B. Satpute, "Predictive
Processing Models and Affective Neuroscience,” Neuroscience and
Biobehavioral Reviews, vol. 131, pp. 211-225, 2021, doi:
10.1016/j.neubiorev.2021.09.009.

X. Li, Z. Zhou, and S. Kleiven, "An Anatomically Detailed and
Personalizable Head Injury Model: Significance of Brain and White
Matter Tract Morphological Variability on Strain," Biomechanics
and Modeling in Mechanobiology, vol. 20, no. 2, pp. 403-431,
2020, doi: 10.1007/s10237-020-01391-8.

D. Maya-Anaya, G. Urriolagoitia-Sosa, B. Romero-Angeles, M.
Martinez-Mondragon, J. M. German-Carcafio, M. . Correa-Corona,

45


https://www.ncbi.nlm.nih.gov/books/NBK390346/

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

46

S. F. Ali et al. / The Nucleus 63, No. 1 (2026) 39-46

A. Trejo-Enriquez, A. Sanchez-Cervantes, A. Urriolagoitia-Luna,
and G. M. Urriolagoitia-Calderén, "Numerical Analysis Applying
the Finite Element Method by Developing a Complex Three-
Dimensional Biomodel of the Biological Tissues of the Elbow Joint
Using Computerized Axial Tomography," Applied Sciences, vol. 13,
no. 15, Art. no. 8903, 2023, doi: 10.3390/app13158903.

H. McCann, G. Pisano, and L. Beltrachini, "Variation in Reported
Human Head Tissue Electrical Conductivity Values,” Brain
Topography, wvol. 32, no. 5, pp. 825-858, 2019, doi:
10.1007/s10548-019-00710-2.

T. Medani, J. Garcia-Prieto, F. Tadel, M. Antonakakis, T.
Erdbriigger, M. Hdltershinken, W. Mead, S. Schrader, A. Joshi, C.
Engwer, C. H. Wolters, J. C. Mosher, and R. M. Leahy,
"Brainstorm-DUNEuro: An Integrated and User-Friendly Finite
Element Method for Modeling Electromagnetic Brain Activity,"
Neurolmage, vol. 267, Art. no. 119851, 2023, doi:
10.1016/j.neuroimage.2022.119851.

E. Morales, C. D. Acosta-Medina, G. Castellanos-Dominguez, and
D. Mantini, "A Finite-Difference Solution for the EEG Forward
Problem in Inhomogeneous Anisotropic Media," Brain Topography,
vol. 32, no. 2, pp. 229-239, 2018, doi: 10.1007/s10548-018-0683-2.

R. Moridera, E. A. Rashed, S. Mizutani, and A. Hirata, "High-
Resolution EEG Source Localization in Segmentation-Free Head
Models Based on Finite-Difference Method and Matching Pursuit
Algorithm," Frontiers in Neuroscience, vol. 15, Art. no. 695668,
2021, doi: 10.3389/fnins.2021.695668.

N. Dayarian and A. Khadem, “Evaluating the Performance of the
Hybrid Boundary Element-Finite Element (BE-FE) Method to
Solve the EEG Forward Problem,” Frontiers in Biomedical
Technologies, vol. 10, no. 2, 2023, doi: 10.18502/fbt.v10i2.12219.

L. A. Neilson, M. Kovalyov, and Z. J. Koles, "A Computationally
Efficient Method for Accurately Solving the EEG Forward Problem
in a Finely Discretized Head Model," Clinical Neurophysiology,
vol. 116, no. 10, pp. 2302-2314, 2005, doi:
10.1016/j.clinph.2005.07.010.

J. D. Nielsen, Developing and Validating Realistic Head Models for
Forward Calculation of Electromagnetic Fields with Applications in
EEG, Ph.D. dissertation, Technical University of Denmark,
Kongens Lyngby, Denmark, 2022.

T. Oluwasakin, T. S. Tingting, and K. Poudel, "Minimization of
High Computational Cost in Data Preprocessing and Modeling
Using MPI4Py," Machine Learning with Applications, vol. 13, Art.
no. 100483, 2023, doi: 10.1016/j.mlwa.2023.100483.

S. Owen, N. Brown, N. Chrisochoides, and Y. J. Zhang, "A Survey
of Al Methods for Geometry Preparation and Mesh Generation in
Engineering Simulation," ResearchGate, 2025, doi:
10.48550/arXiv.2512.23719.

R. Palka, S. Gratkowski, K. Stawicki, and P. Baniukiewicz, "The
Forward and Inverse Problems in Magnetic Induction Tomography
of Low Conductivity Structures," Engineering Computations, vol.
26, no. 7, pp. 843-856, 2009, doi: 10.1108/02644400910985206.

E. Pefia, N. A. Pelot, and W. M. Grill, "Computational Models of
Compound Nerve Action Potentials: Efficient Filter-Based Methods
to Quantify Effects of Tissue Conductivities, Conduction Distance,
and Nerve Fiber Parameters,” PLOS Computational Biology, vol.
20, no. 3, Art. no. €1011833, 2024, doi:
10.1371/journal.pchi.1011833.

Y. Petrov, "Anisotropic Spherical Head Model and Its Application
to Imaging Electric Activity of the Brain,” Physical Review E, vol.
86, no. 1, Art. no. 011917, 2012, doi:
10.1103/PhysRevE.86.011917.

A. R. Phillips, Y. S. Vakilna, D. E. P. Moghaddam, A. Banta, J. C.
Mosher, and B. Aazhang, "Inferring Neural Sources from
Electroencephalography: Foundations and Frontiers,” Journal of

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

(51]

(52]

Neural Engineering, vol. 23, no. 1, Art. no. 011002, 2026, doi:
10.1088/1741-2552/ae3e16.

D. A. Pinotsis, G. Fridman, and E. K. Miller, "Cytoelectric
Coupling: Electric Fields Sculpt Neural Activity and ‘Tune’ the
Brain’s Infrastructure," Progress in Neurobiology, vol. 226, Art. no.
102465, 2023, doi: 10.1016/j.pneurobio.2023.102465.

G. Ponasso, W. A. Wartman, R. C. McSweeney, P. Lai, J. Haueisen,
B. Maess, T. R. Knosche, K. Weise, G. M. Noetscher, T. Raij, and
S. N. Makaroff, "Improving EEG Forward Modeling Using High-
Resolution Five-Layer BEM-FMM Head Models: Effect on Source
Reconstruction Accuracy," Bioengineering, vol. 11, no. 11, Art. no.
1071, 2024, doi: 10.3390/bioengineering11111071.

L. Rahmouni, A. Merlini, A. Pillain, and F. P. Andriulli, "On the
Modeling of Brain Fibers in the EEG Forward Problem via a New
Family of Wire Integral Equations,” Journal of Computational
Physics: X, wvol. 5, Art. no. 100048, 2020, doi:
10.1016/j.jcpx.2019.100048.

A. Rockhill, E. Larson, B. Stedelin, A. Mantovani, A. Raslan, A.
Gramfort, and N. Swann, "Intracranial Electrode Location and
Analysis in MNE-Python," Journal of Open Source Software, vol. 7,
no. 70, Art. no. 3897, 2022, doi: 10.21105/j0ss.03897.

K. Roumpas, E.-L. Michanetzi, D. Minas, A. Fotopoulos, and M.
Xenos, "A Comparative Study of Physics-Informed and
Conventional Neural Networks for Predicting On-Screen Gaze
Points from Eye-Tracking Data," Expert Systems with Applications,
vol. 281, Art. no. 127655, 2025, doi: 10.1016/j.eswa.2025.127655.

J. Ruan and P. Prasad, "The Effects of Skull Thickness Variations
on Human Head Dynamic Impact Responses,” SAE Technical Paper
Series, Paper 2001-22-0018, 2001, doi: 10.4271/2001-22-0018.

R. J. Sadleir and P. Argibay, "Modeling Skull Electrical Properties,"
Annals of Biomedical Engineering, vol. 35, no. 10, pp. 1699-1712,
2007, doi: 10.1007/s10439-007-9343-5.

H. Shen and Y. Yu, "Robust Evaluation and Comparison of EEG
Source Localization Algorithms for Accurate Reconstruction of
Deep Cortical Activity," Mathematics, vol. 11, no. 11, Art. no.
2450, 2023, doi: 10.3390/math11112450.

J. Silvers, J. T. Buhle, and K. N. Ochsner, “The Neuroscience of
Emotion Regulation,” Oxford Handbooks Online, 2013, doi:
10.1093/0xfordhb/9780199988709.013.0004.

F. Vatta, F. Meneghini, F. Esposito, S. Mininel, and F. Di Salle,
"Realistic and Spherical Head Modeling for EEG Forward Problem
Solution: A Comparative Cortex-Based Analysis," Computational
Intelligence and Neuroscience, vol. 2010, pp. 1-11, 2010, doi:
10.1155/2010/972060.

C. Verardo, V. Fossati, L. Toni, L. Pierantoni, E. Losanno, F.
Agnesi, and S. Romeni, "The Optimization of Neuroprosthetic
Interfaces Relying on Biophysical and Surrogate Digital Twins," npj
Biomedical Innovations, vol. 3, Art. no. 28, 2026, doi:
10.1038/544385-026-00076-8.

J. Vorwerk, "Potential of EEG and EEG/MEG Skull Conductivity
Estimation to Improve Source Analysis in Presurgical Evaluation of
Epilepsy,” Journal of Neural Engineering, vol. 23, no. 1, 2026, doi:
10.1088/1741-2552/ae2f01.

J. Vorwerk, J.-H. Cho, S. Rampp, and C. H. Wolters, "A Guideline
for Head Volume Conductor Modeling in EEG and MEG,"”
Neurolmage, vol. 100, pp. 590-607, 2014, doi:
10.1016/j.neuroimage.2014.06.040.

Y. Wang, C. Jiang, and C. Li, "A Review of Brain-Computer
Interface Technologies: Signal Acquisition Methods and Interaction
Paradigms,” ResearchGate, 2025, doi: 10.48550/arXiv.2503.16471.

Z. Zhou, X. Li, and S. Kleiven, "Fluid-Structure Interaction
Simulation of the Brain-Skull Interface for Acute Subdural
Haematoma Prediction,” Biomechanics and Modeling in
Mechanobiology, vol. 18, no. 1, pp. 155-173, 2018, doi:
10.1007/s10237-018-1074-z.



