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Abstract

Multiple Sclerosis (MS) is a chronic, neuroinflammatory disease
of the central nervous system. Studying its progression presents
significant hurdles. Research on human patients requires lengthy
follow-up periods and necessitates stringent approval from ethics
committees. Meanwhile, induced MS in animal (murine) models
provides only an approximation of the human condition; their
results may not translate to humans and are governed by strict
ethical precautions. These limitations highlight the critical need
for alternative research methodologies to accelerate understanding
and therapeutic development. In this context, computational (in
silico) modeling offers a powerful parallel approach. This techni-
que uses mathematical frameworks to simulate highly complex
systems, allowing months of disease progression to be analyzed
in minutes, free from the ethical constraints of biological studies.
However, a multitude of computational models exist, each based
on specific hypotheses about the disease’s mechanisms, creating
a fragmented landscape. This paper addresses this gap through a
systematic literature mapping. From an initial pool of 199 studies,
49 relevant articles were selected. The primary contribution is iden-
tifying mathematical models that can be integrated, aiming to build
a more comprehensive simulation framework that covers a broader
spectrum of the disease’s developmental stages, thereby fostering a
more holistic understanding of MS.
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1 INTRODUCTION

Multiple Sclerosis (MS) is a complex disease of the central nervous
system (CNS) characterized by autoimmune inflammation, demye-
lination, and axonal damage [1]. In 2020, approximately 2.8 million
people were affected worldwide, representing a significant increase
compared to 2013 [2].

In Brazil, the Brazilian Multiple Sclerosis Association (ABEM)
estimates that around 40,000 people live with the disease, most
of whom are young women between 18 and 30 years old [3]. This
indicates that MS affects individuals during a significant stage of life.
In addition to its social impact, the disease also generates economic
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costs, with public spending on pensions and benefits estimated at
R$411 million in 2020 [4].

MS diagnosis is complex due to its heterogeneous clinical mani-
festations and the absence of a definitive biological marker. Com-
mon symptoms include sensory, motor, and visual impairments, as
well as fatigue, while disease progression may lead to depression,

Understanding MS dynamics can be achieved through in vivo,
in vitro, or in silico approaches. Computational mathematical mo-
dels allow the study of disease progression, remission, and immune
responses [5, 6]. Unlike studies involving human patients—which re-
quire long follow-up periods and strict ethical approval—or murine
models that only approximate the human condition, computational
modeling provides a complementary and ethically flexible research
approach.

The main objective of this work is to analyze the application of
computational modeling in the study of degenerative brain disea-
ses, particularly MS, through a systematic literature mapping. The
remainder of this paper is organized as follows: Section 2 presents
related works; Section 3 describes the methodology; Section 4 de-
tails the study execution; Section 5 presents results and discussion;
and Section 6 concludes the paper.

2 METHODOLOGY

This research followed the guidelines proposed by Kitchenham and
Charters [7] for conducting a systematic mapping study aimed at
identifying relationships between computational models used to
investigate the progression of Multiple Sclerosis (MS). The mapping
was performed with the same methodological rigor in protocol
development and execution described by Travassos et al. [8].

The adopted methodology consists of three phases [9]: Plan-
ning, Execution, and Documentation. In the planning phase,
the study objectives, research questions, and review protocol were
defined and validated. In the execution phase, searches were conduc-
ted in predefined databases and the retrieved studies were filtered
according to inclusion and exclusion criteria. Finally, in the docu-
mentation phase, the extracted data were organized and validated
by the researchers.

2.1 Study Design and Implementation

Based on the study objective, five research questions were defined:
RQ1: What computational mathematical models are used in the



studies? RQ2: How do these models relate to biological hypotheses
and experimental data? RQ3: What types of differential equations
are used? RQ4: What are the main challenges and limitations of
these models? RQ5: What future research directions are proposed?

To support the search process, the PICO strategy [10] was applied
with the following elements: P (Population): Multiple Sclerosis; I
(Intervention): Computational Modeling; C (Comparison): Not
applicable; O (Outcome): Prediction of disease progression.

Based on these elements and their synonyms, the following
search string was defined and applied to the Scopus and IEEE Digital
Library databases:

(("multiple sclerosis"OR "CNS demyelinating diseases"

OR "autoimmune encephalomyelitis"OR "neuromyelitis optica")
AND

("computational simulations"OR "machine learning"

OR "computational modeling"OR "mathematical modeling"))

The databases were selected because they support complex logi-
cal queries and are accessible through the authors’ institution, in
addition to covering relevant research areas.

The systematic review included studies that met the following
inclusion criteria: IC1 computational models applied to autoim-
mune demyelinating diseases; IC2 clear methodological description
with quantitative or qualitative results; IC3 publications in English,
Portuguese, or Spanish; IC4 studies available online; IC5 full-text
articles in electronic format.

Studies were excluded according to the following criteria: EC1
publications in other languages; EC2 studies focused only on clini-
cal or epidemiological aspects; EC3 opinion papers, editorials, book
chapters, or incomplete abstracts; EC4 studies without computa-
tional modeling, machine learning, or simulations; EC5 duplicate
publications, in which case the most recent or most complete ver-
sion was retained.

The study selection process was conducted in six stages. Stage
1: The search string was executed in May 2025, retrieving 91 pa-
pers from Scopus and 108 from the IEEE Digital Library, of which
22 and 27 were available for full reading. Stage 2: The retrieved
papers were merged using Zotero, resulting in 49 studies. Stage 3:
Duplicate analysis was performed, but no duplicates were identi-
fied. Stage 4: Titles and abstracts were analyzed using predefined
criteria, resulting in 18 studies selected for full-text review. Stage
5: Full-text analysis was conducted to verify alignment with the
research objective, resulting in 14 selected papers. Stage 6: Finally,
the selected studies were analyzed and the data extraction form
was completed to address the research questions.

3 RESULTS AND DISCUSSION

In light of the methodological process previously described, this sec-
tion presents the results obtained from the data extraction phase. A
total of 15 articles were analyzed. The extraction form was comple-
ted by one researcher and validated by two others who participated
in all stages of the study. The analysis performed is qualitative and
conceptual, focusing on identifying relationships between compu-
tational models and biological hypotheses.

RQ1 - What computational mathematical models are used
in the studies?
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The analyzed studies employ diverse computational approa-

ches, including mathematical models based on Ordinary Differen-
tial Equations (ODEs) and Partial Differential Equations (PDEs),
classical neurophysiological models such as Hodgkin-Huxley and
Poisson-Nernst-Planck, the Universal Immune System Simulator
(UISS), machine learning techniques, stochastic processes such as
high-level Stochastic Petri Nets, finite element methods (FEM), and
OSEMA (Orthogonal Search Model Analysis). Some works combine
multiple approaches; for instance, [11] integrates deterministic mo-
dels (ODEs), PDEs, and stochastic models to represent cellular and
spatial dynamics involved in demyelination.
RQ2 - How do these models relate to biological hypotheses
and experimental data? Several studies ([12-15]) investigate oli-
godendrocyte (ODC) loss and recovery—cells responsible for mye-
lin production [16]. Models proposed by Pappalardo et al. [12] and
Pernice et al. [15] reproduce ODC loss during relapses and its relati-
onship with lesions observed through Magnetic Resonance Imaging
(MRI). Simulations also suggest partial remyelination depending
on damage severity and demonstrate how drugs such as IFN-f1a,
Natalizumab ([12]), and DAC ([15]) can modulate immune respon-
ses and reduce lesion load and relapse rates. Differential equation
models represent processes such as Bald’s concentric lesions ([17]),
brain volume loss, and axonal damage ([11]).

Agent-based models combined with differential equations ([14,
15, 18]) simulate interactions between regulatory (Tregs) and effec-
tor (Teffs) T cells, incorporating factors such as viral influence (e.g.,
EBV) and interindividual variability through stochastic simulations.
Other studies ([18, 19]) model electrophysiological mechanisms
such as conduction block and hyperexcitability, explaining symp-
toms like Uhthoff’s phenomenon and cortical hyperexcitability in
MS. Machine learning approaches are also used to predict treatment
response and disease progression. Study [20] predicts response to
IFN-p based on gene expression data, while [11] identifies predic-
tors of progression to secondary progressive MS (SPMS), including
high EDSS scores and early disease onset. Additional studies ex-
plore speech impairments ([21]) and correlate clinical and imaging
markers—such as periventricular lesions—with disease progression
([22]). Finally, Nazari-Vanani et al. [23] demonstrates that triboelec-
tric nanogenerators (TENGs) can induce neuronal hyperexcitability,
suggesting new experimental possibilities for studying neural con-
duction in demyelinating systems.

RQ3 - What types of differential equations are used?

Only three studies apply differential equations. These include
PDEs with delay and radial symmetry, cortico-thalamic biophysical
models based on reaction—-diffusion-chemotaxis PDEs, and hybrid
approaches combining deterministic ODE models with PDEs such
as Hodgkin-Huxley, master equations, and reaction-diffusion mo-
dels with chemotaxis.

RQ4 - What are the challenges and limitations of these mo-
dels?

The main challenges identified include: limited datasets, which
restrict model generalization; high computational cost when simu-
lating complex CNS structures; lack of personalized biological data
for calibration; structural simplifications such as 1D or 2D models
and radial symmetry assumptions; difficulty in experimental vali-
dation; and limited multiscale integration across molecular, cellular,
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and clinical levels.
RQ5 - What are the future directions proposed by the studies?
Future directions include the integration of multi-omics data
(genomic, transcriptomic, and epigenetic) for personalized simula-
tions; development of clinical platforms for in silico therapy testing
and Al-supported decision making; validation using larger cohorts
and longitudinal data; structural improvements with 3D geometries
and more complex neural networks; testing new algorithms such
as quantum approaches, 7-leaping, and attention mechanisms; and
modeling individualized treatment responses based on clinical and
biological data.

4 CONCLUSIONS

This work presents and analyzes several computational modeling
approaches applied to neurodegenerative diseases, with a particular
focus on Multiple Sclerosis. A systematic survey of the methods
used to model these diseases can support researchers in identifying
challenges and developing new strategies to address them. Howe-
ver, some threats to validity and limitations must be considered.
Among the internal threats, the filtering process was conducted by
only two researchers; in cases of disagreement, the studies were
retained for the next stage. Additionally, the search string may
not have included all relevant keywords, which could have led to
the exclusion of some studies. The selection of databases was also
limited, potentially resulting in the omission of relevant research.
Despite these limitations, the chosen approach was sufficient to
provide an overview of the main computational models and chal-
lenges related to the study of degenerative diseases. Future work
includes conducting a quality assessment of the selected studies,
performing a snowballing process by analyzing the references of
the selected papers, expanding the number of databases considered,
and developing a more robust computational model based on the
evidence identified in this study.
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