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Faculty of Engineering, Kragujevac
and
COUNCIL FOR INTERDISCIPLINARY AND MULTIDISCIPLINARY FIELDS

University of Kragujevac

At the meeting of the Council INTERDISCIPLINARY AND MULTIDISCIPLINARY
FIELDS of the University of Kragujevac held on 22.01.2025. (decision number: 1V-07-13/6) we have
been appointed as members of the Committee for the evaluation and defence of the doctoral dissertation
entitled: “Multiscale Model for Thrombosis/Atherosclerotic Plaque Formation and Progression”,
of the candidate Lemana Spahi¢, student of doctoral academic studies Bioengineering, for which a
mentor Prof. Dr. Nenad Filipovi¢, Full Professor has been appointed.

Based on the data at our disposal, we submit the following:

EVALUATION REPORT OF THE FINISHED DOCTORAL DISSERTATION

1. Doctoral dissertation data

1.1.Doctoral dissertation title:

Multiscale Model for Thrombosis/Atherosclerotic Plaque Formation and Progression

1.2.Description of the doctoral dissertation (provide a short content with the page number
indication, chapters, figures, graphs, equations and references) (up to 500 characters):

This dissertation (134 pages) covers the development and implementation of a multiscale and surrogate
model for thrombosis/atherosclerotic plaque formation and progression. It includes 5 chapters:
Introduction (p. 1-5), Cardiovascular system (p. 5-24), Bioengineering in cardiovascular medicine (p.
24-37), Experimental research of atherosclerotic plaque progression (p. 37-105), Conclusion (p.105-
107), and References (p. 107-119). It contains 40 figures, 25 tables, and 176 references. Key findings
indicate the transformative potential that combination of multiscale modelling and artificial intelligence
has in predicting the atherosclerotic plaque progression.

1.3.Description of the research subject (up to 500 characters):

The research focuses on implementation of a multiscale model for atherosclerotic plaque progression
using patient geometries, parameter optimization, development of a virtual population for a surrogate
model based on artificial neural networks and development and validation of the surrogate model. The
study explores robust computational frameworks for atherosclerotic plaque progression as sustainable
alternatives for complex medical evaluation. The developed models were tested and validated according
to existing guidelines and proven their accuracy and effectiveness.

1.4.Analysis of initial hypothesis fulfilment:

The initial proposed hypotheses were that it is possible to employ robust computational frameworks like
finite element method modelling and artificial neural networks for atherosclerotic plaque progression
monitoring as well as to display results and integrate these frameworks into the DECODE platform. The
hypotheses were supported by research findings presented in chapter 4. The ABM was extensively




validated, tested and optimized to ensure fidelity and the developed surrogate model based on artificial
neural networks performed with an overall accuracy of 95.4% indicating robustness. The application for
displaying three-dimensional model of the plaque and peripheral artery was developed and used for
displaying the simulation results. The proposed ABM model, as well as the surrogate can be integrated
into the DECODE cloud platform using an API.

The study demonstrates the potential that both methodologies hold in advancement of atherosclerosis
diagnosis and management. Additionally, it explores the future avenues of research directed towards
translation into practice and practical implementation of these methodologies in clinical practice.

1.5. Analysis of applied research methods:

The research utilized a combination of agent based modeling, data analytics and artificial intelligence to
explore the mechanisms behind atherosclrotic plaque formation and progression.The methods applied
were effective in validating the hypothesis and assessing the potential computational modeling and
artificial intelligence hold in expanding the diagnostic landscape of atherosclerosis.

1. Finite element method / agent-based modelling: FEM is a numerical technique for solving complex
physical systems by dividing them into smaller, manageable elements and ABM simulates the
interactions of individual agents to study emergent behaviors in dynamic systems. These methods were
used for development of a robust model for atherosclerotic plaque progression taking into account the
behaviors on the micro (cells and molecules), meso (tissue interface) and macro (artery deformation)
scale.

2. Latin hypercube sampling (LHS): LHS is a statistical method for generating sample points from a
multidimensional distribution, ensuring a comprehensive exploration of parameter space with fewer
samples and it was used for generation of a wide parameter space to cover the maximum variation of
patient-specific parameters in the ABM simulation serving as input for parameter sensitivity analysis
and generation of virtual population.

3. Parameter sensitivity analysis: This process evaluates how variations in input parameters influence
model outputs, identifying the most critical factors affecting system behavior. The Partial Rank
Correlation Coefficient (PRCC) is a statistical technique used to assess how changes in input
parameters influence a model’s output, while accounting for the effects of other variables.

4. Generation of virtual population: This involves creating simulated populations with realistic
variability in parameters to mimic diverse real-world populations for in silico experimentation. The
virtual population was generated using the parameter space obtained using LHS in conjunction with the
ABM model to generate corresponding outputs for the input space.

4. Deep learning / artificial neural networks: Artificial Neural Networks (ANNs) are trained as
surrogate models to approximate complex ABM simulations, offering faster predictions while
maintaining accuracy. The model was developed and implemented in Python using conventional ANN
development methodology.

Conclusion: The applied methods were well-suited for achieving the research objectives. Multiscale
modelling of atherosclerotic plaque progression as well as surrogate modelling was performed and
performance was validated. These methods collectively supported the hypothesis and provided a robust
framework for future applications in cardiovascular diagnostics.

1.6. Analysis of research objective fulfilment:

The main objective of this research was the development of an ABM model for modelling, simulating,
am.i predicting plaque behavior in peripheral arteries. The research went beyond the proposed research
objective and extended it to surrogate modelling using ANNs

1. Development and implementation of the ABM model: The primary objective of developing an
agent-based model for atherosclerotic plaque progression was successfully achieved using finite element




method. The model was validated using patient-specific geometries and parameter-sensitivity analysis
was performed to evaluate the robustness of the developed framework.

2. Development and implementation of the surrogate model: An additional objective was to use the
data generated through parameter sensitivity analysis to construct a surrogate model based on artificial
neural networks that would be capable of mimicking the performance of the ABM model while being
more computationally efficient. The ANN was developed and benchmarked against the ABM model
indicating high congruence between the simulation results (95,4%).

3. Integration into the DECODE cloud platform: The developed models can and will be integrated
into the DECODE cloud platform for research use purposes.

Conclusion: Overall, the research successfully fulfilled its objectives and went beyond both them and
state-of-the art as the developed surrogate model outperforms other models based on similar data. The
study’s findings open new avenues for further research in atherosclerotic plaque progression modelling
and its applications, highlighting the potential for clinical applications in diagnosis, prognosis and
treatment.

1.7. Analysis of the obtained research results and the list of candidate’s published scientific papers
from the doctoral dissertation (authors, paper title, journal title, volume, year of publication,
pages from-to, DOI number, category):

The research results obtained in this doctoral dissertation demonstrate the successful development and
implementation of an agent based model and surrogate model based on ANNs for atherosclerotic plaque
progression. The key findings include:

1. The effectiveness of the agent-based multiscale model: The developed ABM model performs with
significant robustness in comparison with real-world results and responds well to parameter variability:
The developed model was initially validated against a clinical dataset and then proceeded to parameter-
sensitivity analysis. In both instances the model showed robustness.

2. Surrogate model: The developed surrogate model based on artificial neural networks performs in
congruence with the ABM thus indicating its robustness and the potential to substitute the time-intensive
FEM simulations.

3. Implications for Medical Applications: The research findings highlight the potential for using
computational modeling and artificial intelligence for developing robust frameworks to be used as
decision support systems in cardiovascular medicine.

List of Candidate’s Published Scientific Papers from the Doctoral Dissertation
Authors: Lemana Spahi¢ and Nenad Filipovié

Paper Title: "Development of a surrogate model for predicting atherosclerotic plaque progression based
on agent based modeling data*

Journal Title: Technology and Health Care Volume: 33
Year of Publication: 2025
Pages: online-first DOI Number: 10.1177/09287329241309771 Category: M23

The published paper demonstrates the candidate's active contribution to advancing the application of
b.1omedical engineering principles and advanced computational frameworks in medicine, validating the
significance of the dissertation findings within the scientific community.

1.8.Assessment of the completed doctoral dissertation as the candidate’s original scientific work in
the appropriate scientific field and analysis of the plagiarism report (up to 1000 characters):

The dissertation embodies significant scholarly contribution to the field of biomedical engineering as it
explores the implementation of a multiscale model for atherosclerotic plaque progression using finite
element method and development of an artificial intelligence-based surrogate model for determination




of plaque progression severity highlighting their potential for advancing atherosclrosis diagnosis and
management. Future research directions focuses on clinical translation and practical implementation.

In the process of verifying the dissertation’s originality, text matching software iThenticate by Turnitin
identified an 8% overlap with the previously published literature. The text matches have been evaluated
and the it was concluded that the dissertation strictly adheres to academic citation norms, with all
references, sources, and previous research properly cited according to the academic guidelines of
University of Kragujevac. The doctoral candidate has meticulously credited original ideas, theories and
data used in the research, ensuring that the work complies with ethical standards avoiding plagiarism
academic misconduct.

1.9.The significance and impact of the doctoral dissertation in the current state of a specific
scientific field:

The doctoral dissertation significantly advances the field of modeling and simulation of atherosclerotic
plaque progression. By developing and implementing a multiscale agent based model capable of
simulating the atherosclerotic process on micro, meso and macro-scale accompanied with a surrogate
model based on ANNS, this research addresses a critical need for sustainable effective alternatives to
current invasive diagnostic procedures. This work impacts multiple scientific areas, including
biomedical engineering, cardiovascular disease managment, computational modelling and deep
learning.

1. Advancement of Biomedical Engineering: The dissertation contributes to the field of biomedical
engineering by going beyond current state of the art in modelling and simulation of atherosclerosis. This
approach reduces the invasiveness of the diagnostic procedures and health risks associated with them
thus supporting the efforts towards more effective and patient-centred healthcare

2. Contributions to Cardiovascular Disease Management: The development and validation of ABM
and surrogate model for atherosclerotic plaque progression indicates the potential these methods hold in
advancing diagnosis, prognosis and management of atherosclerosis. This work could significantly
impact the development of advanced treatment procedures for cardiovascular interventions.

3. Contributions to Computational Modelling and Deep Learning: The research presented in this
work goes beyond state of the art in computational modelling and deep learning development and
implementation of robust frameworks for simulation and prediction of the behavior of atherosclerotic
plaque in atherosclerosis. The developed methodologies are novel and present significant technological
contribution to both fields.

4. Cross-disciplinary Impact: The dissertation is cross-disciplinary in nature, combining knowledge of
the biology, immunology and pathology of atherosclerosis and computational modeling and artificial
intelligence to empower diagnostics. It encourages collaboration between biologists. medical doctors,
medical researchers and biomedical engineers at the intersection of engineering and medicine.

5. Broader Scientific and Societal Impact: The findings contribute to the broader scientific goal of
developing sustainable and robust computational frameworks for diagnostic support systems to
minimize the invasiveness and lengthiness of diagnostic procedures while retaining accuracy and clinical
significance. This contributes to the transition to a more patient-centered and effective healthcare that
can inspire further research into decision support systems based on computational modelling and
artificial intelligence and their integration into clinical settings.

Conclusion: Overall, the significance of this doctoral dissertation lies in its original contributions to the
development of a robust methodology for simulation of atherosclerotic plaque progression. It sets the
foundation for future studies and potential clinical applications. representing a valuable addition to the
current state of computational modelling and Al in cardiovascular medicine.




1.10.Evaluation of the fulfilment of the requirements for the doctoral dissertation defence
according to the study programme, faculty’s general act, and university’s general act (up to
1000 characters):

The doctoral dissertation meets all the requirements for defence as stipulated by the study programme,
the faculty's general act, and the university's general act. The research is characterized by its originality,
scientific rigor, and significant contribution to the field of agent based modeling and artificial
intelligence in cardiovascular medicine. It encompasses a well-defined research problem,
comprehensive literature review, clearly stated objectives, and robust methodology, adhering to the
academic standards required for a doctoral dissertation. It includes a thorough discussion of results,
supported by a substantial number of references, figures, and data analyses, meeting the criteria for
scientific rigor and demonstrating the candidate’s ability to conduct independent research, critically
analyse data, and present findings coherently. The originality of the work is confirmed by a low
similarity index in the plagiarism report. Therefore, the dissertation fulfils all formal and substantive
criteria set by the faculty and university for a doctoral defence.
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Based on the analysis of the doctoral dissertation and the submitted documentation, the Committee for
the evaluation and defence of the doctoral dissertation, entitled “Multiscale Model for
Thrombosis/Atherosclerotic Plaque Formation and Progression”, by the candidate Lemana Spahic¢,
recommends the competent authorities to accept the doctoral dissertation and approve its defence.

Committee members:
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Dr. Miljan Milogevié, Full Professor
Faculty of Information Technology, University
Metropolitan Belgrade
Information technologies and systems
Committee president
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Dr. Gordana Jovi¢i¢, Full Professor
Faculty of Engineering, University of Kragujevac

Applied mechanics
Committee member

Dr. Natasa Zdravkovié, Full Professor
Faculty of Medicine, University of Kragujevac
Internal medicine
Committee member
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