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4D Flow Magnetic Resonance Imaging (MRI) is an imaging modality based on the phase contrast (PC)
MRI that allows the mapping of three-dimensional time-sensitive (3D + time = 4D) motion within a
patient. Based on a powerful magnetic field, 4D Flow MRI has the potential to provide valuable insight
into complex internal flows, not obtainable by other techniques, which in turn opens way to new medical
discoveries (Markl et al., 2016). Still largely confined to research applications, mainly due to its long
imaging and post-processing durations (Bissell et al., 2023), a growth in scientific output was seen from
2003 to 2022, aiming towards improvement to clinical applicability (Ma et al., 2024).

Among the many challenges associated with the improvement of 4D Flow MRI, a common factor is the
large number of parameters and lack of knowledge on how each affects the resulting image. In this context,
physics-based computational simulations provide a unique advantage over in vivo experiments, that is the
controlled introduction of error sources, and parameter management (Bissell et al., 2023; Bittoun et al.,
1984; Jurczuk et al., 2013). Therefore, the following document contains an evaluation of certain aspects
associated with the development of a 4D Flow MRI computer-based simulation environment.

Firstly, the algorithm used to solve the Bloch equation, which describes the physical principle behind
MRI, was elaborated. In previous studies, Lagrangian-based simulation environments were developed
(Petersson et al., 2010; Puiseux et al., 2021; Weine et al., 2024), but due to the loss of accuracy because
of flow-induced magnetization dispersion, Eulerian-based simulations show potential for higher accuracy
at lower computational cost (Otani et al., 2025). Investigating the use of flexible unstructured meshes, the
Discontinuous Galerkin Method (DGM) was implemented, exhibiting errors below 1% for a plate
Poiseuille flow and below 6% in a more complex backstep flow.

Secondly, the choice of unstructured mesh was reevaluated in the context of MRI signal capture and
reconstruction. During this process, the signal generated throughout the domain adopts to a high frequency
distribution. For the case of unstructured triangular or tetrahedral elements, this process creates significant
error that makes quality image reconstruction impossible (Sevilla et al., 2016). To avoid excessive element
refinement, the designed alternative consists in the conversion of data to a regular grid. This allowed the
captured signal to closely resemble the Discrete Fourier Transform (DFT), thus assisting in the
reconstruction.

Lastly, addressing 4D Flow MRI long acquisition times, the concept of Compressed Sensing (CS) and its
applicability to the velocity data was investigated. Originally designed for standard MRI and the
reconstruction of morphological information from only partially sampled data (Lustig et al., 2007), due
to the continuous characteristic of the velocity distribution, by sampling less than 10% of the complete
data, images with more than 90% accuracy were obtained.
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