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Abstract

We present a robust methodology for the quantitative analysis of two immiscible
fluids—water and oil—within synthetic porous media using advanced Nuclear Magnetic
Resonance (NMR) techniques. This work aims to enhance the characterization of multi-
phase fluid distribution by integrating high-resolution NMR imaging with rigorous sta-
tistical petrophysical analysis.

The methodology comprises three key stages: (1) fabrication of synthetic porous
samples via sintering of soda-lime glass microspheres, selected for their physicochemical
similarity to natural reservoir rocks; (2) controlled saturation of the samples under vac-
uum and pressure conditions to emulate realistic subsurface fluid configurations; and (3)
fluid identification and quantification using NMR imaging, employing both chemical shift
and relaxation contrast mechanisms to distinguish between water and oil distributions
within the pore network.

Quantitative analysis was performed through a custom Python-based image process-
ing algorithm that extracts pixel intensity histograms from 7T5-weighted NMR images,
enabling precise determination of relative fluid content. This approach yielded an av-
erage quantification error below 10% across a range of sample conditions, underscoring
the method’s accuracy and reproducibility.

Our findings validate the efficacy of combining NMR imaging and advanced data
analytics for fluid characterization in porous systems. The proposed methodology offers a
scalable framework for applications in reservoir engineering, environmental remediation,
and materials science, while also highlighting future challenges in adapting the technique
for real-time industrial deployment. This work opens avenues for integrating physics-
based imaging with computational tools to advance the understanding of multiphase
flow in complex porous structures.

Keywords: Nuclear Magnetic Resonance, porous media, fluid quantification, T5-

weighted imaging, reservoir engineering.



Resumo

Este trabalho apresenta uma metodologia robusta para a quantificagao de dois fluidos
imisciveis — agua e 6leo — em meios porosos sintéticos, utilizando técnicas avancadas
de Ressonancia Magnética Nuclear (RMN). O objetivo é aprimorar a caracterizagao da
distribuicao multifasica de fluidos por meio da integracao de imagens de alta resolucao
por RMN com anadlise estatistica petrofisica rigorosa.

A metodologia foi estruturada em trés etapas principais: (1) producao de amostras
porosas sintéticas por sinterizagao de microesferas de vidro sodocalcico, selecionadas por
sua semelhanca fisico-quimica com rochas reservatdrio naturais; (2) saturacao controlada
das amostras sob condigoes de vacuo e pressao, simulando a disposicao de fluidos em
ambientes subsuperficiais; e (3) identificagdo e quantificagdo dos fluidos por imagem de
RMN, explorando mecanismos de contraste por deslocamento quimico e relaxacao para
distinguir com precisao a distribui¢ao de dleo e agua na rede de poros.

A quantificacao foi realizada por meio de um algoritmo de processamento de imagem
desenvolvido em Python, que analisa histogramas de intensidade de pixels extraidos de
imagens ponderadas em 7,. Essa abordagem permitiu determinar com alta precisao a
proporc¢ao relativa dos fluidos, com margem média de erro inferior a 10%, demonstrando
elevada acurdcia e reprodutibilidade.

Os resultados validam a eficidcia da metodologia proposta, oferecendo uma base sélida
para aplicacoes em engenharia de reservatérios, remediacao ambiental e ciéncia de ma-
teriais. Além disso, este estudo evidencia o potencial da integracao entre técnicas de
imagem fisica e ferramentas computacionais para o avanco do entendimento do escoa-
mento multifdsico em meios porosos complexos, ao mesmo tempo em que aponta 0s
desafios para sua adaptacao em contextos industriais em tempo real.

Palavras-chave: Ressonancia Magnética Nuclear, meios porosos sintéticos, quan-

tificagao de fluidos, imagens pesadas em 715, engenharia de reservatérios.
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Introduction

Porous media are materials whose significance arises from their intricate internal
structures, where features such as microstructures and macroporosity play a crucial role
in determining their physical, chemical, and biological properties [1]. These structures
often consist of conglomerates of grains, fibers, or solids organized into networks of
interconnected or isolated pores that directly influence the performance and functionality
of these materials. Porous media are ubiquitous in nature and daily life, exemplified by
materials such as rocks, wood, soil, biological tissues, and bones [2].

Nuclear magnetic resonance (NMR) has emerged as a powerful tool for studying
porous media since the 1950s when Felix Bloch first demonstrated its potential [3]. Bloch
observed that fluids within pores generate detectable NMR signals, enabling direct anal-
ysis of the properties of these systems through relaxation, diffusion, flow, and imaging
experiments. Using significantly simpler equipment than is available today, Bloch es-
tablished a fundamental relationship between pore relaxation surfaces and NMR signals,
opening new avenues for porous media characterization [4].

Technological advancements over the past decades have made NMR an essential tool
for the non-invasive characterization of porous materials. Its applications range from
studying fluid transport in rocks and soils—critical for geological exploration—to ana-
lyzing biological tissues for medical diagnostics [5]. The integration of physics, chemistry,
and engineering advances has given rise to magnetic resonance in porous media (MRPM),
significantly expanding the frontiers of this research field [6].

Within this context, petrophysics plays a pivotal role, focusing on rocks’ physical
and chemical properties and their interactions with contained fluids. Among its primary
applications is the analysis of hydrocarbon reservoirs, where NMR has proven to be
an indispensable tool [7]. This technique enables the investigation of fluid-filled porous
media, providing essential information on properties such as porosity, permeability, and
fluid behavior at the microscopic scale. Consequently, the synergy between NMR and

petrophysics has driven significant advancements in understanding and characterizing

16
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natural and synthetic porous systems [8].

The cumulative knowledge in petrophysics, NMR, and porous media has been instru-
mental in developing and enhancing petroleum industries. These industries extensively
apply these concepts in exploring and extracting petroleum from reservoirs, including
offshore environments. However, despite considerable scientific and technical progress,
significant challenges remain in the extraction process of the world’s most utilized energy
source: petroleum [9].

Among these challenges are the precise identification of oil reservoirs and the efficiency
of extraction processes. This study, in particular, focuses on quantifying two fluids
present in porous media using NMR techniques [10]. Determining the quantities of
fluids, especially oil and water, within these rocks is critical for evaluating the economic
feasibility of exploration. Reservoirs with low oil saturation often do not justify the high
extraction costs, making a detailed analysis of these porous systems’ conditions essential
for decision-making [11].

Thus, this research aims to contribute to a better understanding and optimization of
quantification techniques, aiding in decision-making regarding petroleum extraction in
reservoirs with complex characteristics.

Chapter 1 addresses the operation of nuclear magnetic resonance equipment, begin-
ning with its basic principles. It then introduces concepts such as relaxation, relaxation
times (77 and T3), the image acquisition process, and the application of pulses required
to characterize the studied materials.

Chapter 2 explores the field of petrophysics and porous media, discussing fundamental
concepts such as porosity and permeability while examining the essential properties of
these materials and their behavior in various contexts.

Chapter 3 provides a detailed description of the methodology used in this study.
It encompasses the sintering process of synthetic porous rocks and the procedures for
saturating these samples with fluids, highlighting the experimental steps required for the
investigation.

Chapter 4 is dedicated to discussing the obtained results. It presents the analyses
based on NMR-acquired images, the fluid quantification process, and the study’s main
findings. Additionally, it elaborates on the interpretations drawn from the methodology
and the generated data.

Finally, the conclusion presents a combination of the results achieved while high-
lighting the advantages and limitations of the proposed NMR-based fluid quantification

method. It also suggests perspectives for future studies and potential improvements to
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the used approach.

This work also includes an Appendix, which provides additional information about
the samples studied during the master’s research. These details support the results
obtained and enhance the credibility of the developed methodology.

This dissertation also includes a chapter on Events and Conferences, providing a
detailed overview of the academic events attended during the master’s program. These
experiences facilitated the dissemination of research findings, engagement with experts,

and the expansion of the academic network.



Chapter 1

Nuclear Magnetic Resonance

In 1946, Felix Bloch and Edward Purcell independently discovered the phenomenon
and recognized it as the basis for identifying magnetic resonance (MR). While Purcell was
investigating the properties of solids at Harvard University, Bloch focused his studies on
liquids at Stanford University ([12]; [13]). Earlier, in 1937, Isidor Rabi, a physics professor
at Columbia University, conducted the first nuclear magnetic resonance experiment using
an atomic beam. This work earned him the 1944 Nobel Prize in Physics for creating a
"method for recording the magnetic resonance properties of atomic nuclei.” Between the
1950s and 1970s, MR established itself as an essential tool for molecular, physical, and
chemical analyses [14].

In parallel, during the 1960s, McCall, Douglas, and Anderson proposed the concept
of using field gradients to study diffusion and fluids through a series of works. However,
the formalization and demonstration of these principles occurred only in 1965 with the
publication of the paper ”Spin Diffusion Measurements: Spin Echoes in the Presence of
Time-Dependent Field Gradient” by E. O. Stejskal and J. E. Tanner [15].

The chemical and structural analysis of solids and liquids initially relied on magnetic
resonance techniques. Later, in the 1970s, Paul Lauterbur and Peter Mansfield made
groundbreaking contributions to the development of magnetic resonance imaging (MRI),
expanding on the principles of NMR to explore living tissues. Their work demonstrated
the ability to differentiate normal and abnormal tissues based on distinct signals, sparking
interest in medical imaging.

Lauterbur introduced the concept of creating two-dimensional images by using mag-
netic field gradients, which made it possible to determine the origin of radiofrequency
waves emitted by atomic nuclei within a sample [16]. Mansfield, on the other hand, de-

veloped slice-selection techniques and advanced the understanding of how NMR signals

19
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could be processed to construct high-resolution images [17].

In recognition of their revolutionary contributions, Lauterbur and Mansfield were
awarded the 2003 Nobel Prize in Physiology or Medicine for creating a non-invasive
imaging method capable of producing highly detailed anatomical images, which replaced

numerous traditional diagnostic techniques [18].

1.1 Concepts of Nuclear Magnetic Resonance

The interaction between atomic nuclei and an externally applied magnetic field forms
the basis of Nuclear Magnetic Resonance [19]. An atom consists of three fundamental
particles: protons, which carry a positive charge; neutrons, which are electrically neutral;
and electrons, which have a negative charge. Protons and neutrons remain confined to
the atomic nucleus, while electrons orbit around it.

The phenomenon of NMR arises from the interaction between particles possessing
angular momentum (spin) and magnetic moment when exposed to an external magnetic
field [20]. Among the various nuclei that exhibit NMR properties, hydrogen (*H) plays a
fundamental role due to its high natural abundance and significance in organic chemistry.

In NMR the hydrogen is the primary nucleus utilized for three main reasons:

1. It is the most abundant element in the human body, constituting approximately

10% of body weight [21].

2. The NMR properties of hydrogen allow for distinct differentiation between normal
and pathological tissues [16].

3. The hydrogen proton possesses the highest magnetic moment among biologically

relevant nuclei, making it the most sensitive to NMR detection [22].

In the context of NMR, the spin quantum number (/) of hydrogen is 1/2, meaning that
it has two possible orientations when subjected to an external magnetic field: parallel
(low-energy state) and antiparallel (high-energy state). These orientations correspond
to distinct energy levels governed by the principles of quantum mechanics [23].

In the absence of an external magnetic field, the magnetic moments of hydrogen
nuclei are randomly oriented. However, when placed within a strong magnetic field,
these nuclei align either parallel or antiparallel to the field direction. The distribution

of spins between these two energy states follows the Boltzmann distribution (1.1), with
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a slight excess of nuclei occupying the lower-energy state [24]. This slight population

imbalance is the basis for the detectable NMR signal.

N
P _ e—E/kT

, 1.1
N (1.1)

where Np is the number of spins aligned parallelly; N4p is the number of spins aligned
anti-parallelly; &k is Boltzmann constant and 7" is absolute temperature, in kelvin.

In an attempt to align with the applied magnetic field and due to their intrinsic
spin, which can be classically visualized as a continuous rotation around their axis, this
additional motion known as precession. This rotation imparts a magnetic moment (1)
to the nuclei, allowing them to interact in a specific way with external magnetic fields
(By). The intensity of this interaction is described by the gyromagnetic ratio (v), a
constant that determines the characteristic precession frequency of the nuclei around the
applied magnetic field, known as the Larmor frequency (wp). The Larmor equation (1.2)

expresses this relationship:

A notable characteristic of the Larmor frequency is particular of each nuclear isotope.
This specificity makes NMR equipment indispensable tools for the study of virtually all
elements in the periodic table, except argon and cerium?®. In the study presented in this
work, the nuclide of most significant interest is hydrogen (*H), with a gyromagnetic ratio
of approximately 42M Hz/T.

Applying this equipment as a spectroscopic technique for nuclide analysis, combined
with manipulating nuclear spins and studying relaxation phenomena, enabled the de-
velopment of magnetic resonance imaging. This revolutionary technique allowed for the
mapping of different biological tissues, thanks to variations in the relaxation times of
nuclei, which depend directly on the chemical environment in which they are embedded.

The functioning of NMR can be illustrated by considering a sample without an ex-
ternal magnetic field. In this state, the sample magnetic moments are disordered. As a

result, the system does not show total magnetization (M7) since the vector sum of the

IThese two elements are examples of those that lack naturally abundant isotopes with a non-zero
nuclear spin. As a result, they do not exhibit measurable interactions with external magnetic fields
during NMR experiments, rendering them effectively invisible to this technique.
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individual magnetic moments is zero.

When the sample is placed in the NMR equipment, a static magnetic field By is
applied, inducing the alignment of the nuclear spins in the direction of this field. This
alignment generates a non-zero macroscopic magnetization in the system, represented
by Mjy. As mentioned earlier, when the spins are under the influence of a magnetic field,
they precess around the direction of the field at a characteristic frequency known as the
Larmor frequency (wp). This behavior occurs due to the interaction between the nuclear

magnetic moments and the external field [25].
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Figure 1.1: Effect of applying a static magnetic field By to a system of nuclei with non-
zero spins. After the application of the field, the system acquires a total magnetization
M, different from zero.

A second time-dependent magnetic field, By, is applied to manipulate the magneti-
zation. This field has a lower intensity than By and is tuned to the frequency wq of the
protons in the sample. The field is emitted as radiofrequency pulses, oriented orthog-
onally to By. When the protons absorb the energy from this resonant pulse, a change
in the direction of My occurs, moving it away from its equilibrium position. If we allow
this B; field pulse to be sufficiently long, the magnetization, initially aligned with the
Z-axis, is completely displaced to the XY plane, becoming perpendicular to both By and
By, resulting in a pulse known as 7 pulse [26].

When the B field is turned off, the protons begin the realignment process, gradually
returning to their original equilibrium orientation. During this interval, they emit energy
at the frequency wy, corresponding to the Larmor frequency. At the same time, the M,
precesses around the By field, exhibiting behavior similar to a gyroscope spinning around
its vertical axis.

This precessional motion of the magnetization out of equilibrium generates a signal

known as free induction decay (FID) [27]. The initial magnitude of the FID signal
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directly depends on the value of M, immediately after applying the 90° pulse. Over
time, the signal decays due to the gradual release of the energy absorbed by the protons,
a process known as relaxation. Additionally, there is a loss of coherence between the
protons, contributing to decreased detected signal. An example of a FID can be seen in

the Figure [1.2].
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Figure 1.2: Free Induction Decay (FID) signal, showing the real component of the NMR
response over time. The signal exhibits an oscillatory decay due to transverse relaxation
effects.

In most situations, the FID signal exhibits varying overlapping frequencies, making
direct analysis in the time domain difficult and complex. In this context, analyzing
these multiple signals in the frequency domain rather than the time domain is much
more practical. A mathematical operation known as the Fourier transform converts

time-domain signals to frequency-domain signals.

1.2 Relaxation

While Magnetic Resonance measurements can be analyzed regarding the transferred
energy, the relaxation phenomenon refers to the process by which each proton releases
the energy it initially absorbed, provided in the form of radiofrequency pulses. As one

of the fundamental processes of NMR, this energy release is essential for forming the
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contrast imaging mechanism [22].

As previously mentioned, protons can only absorb radiofrequency energy when emit-
ted at the correct frequency. After excitation, the system enters the relaxation process,
during which each proton gradually releases the absorbed energy and naturally returns
to its equilibrium configuration, accompanied by the precession of the spins around the
magnetic field.

As remarked before, Bloch formulated the relationships that describe the behavior of
the components of the nuclear magnetization vector, Mp, under the interaction with the

magnetic field, By, including the relaxation terms. These equations are given as follows:

dM. M,
" =y (M,B, — M.B,) — =~ 1.
dt ’Y( Yy y) TQ’ ( 3)
dM, M
= MZB$ _Msz - y7 14
LI )- 2 (1.4)
dMZ . Mz_MO

=7 (Ma:By - MyBx) (15)

dt T, ’

where B, By, and B, are the components of the magnetic field By; 7 is the longitu-
dinal relaxation time; 75 is the transverse relaxation time; and M, is the equilibrium
magnetization. These equations are fundamental for understanding both longitudinal
and transverse magnetization, which will be discussed in Sections [1.2.1] and [1.2.2],
respectively.

An essential feature of relaxation is that, although energy absorption occurs individ-
ually for each proton, the relaxation time is measured globally, considering the collective
response of the entire sample. This approach allows the calculation of the average re-
sponse of the protons present in the sample. Two distinct relaxation times can be mea-
sured based on the final destination of the energy released during the process, known as

Tl and TQ.
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1.2.1 7 Relaxation

The relaxation time 7T; can be described by the fact that, after a spin excitation,
the absorbed energy is transferred to the surrounding environment, called the lattice,
rather than transferred directly to the other spins. This energy exchange process no
longer contributes to the excitation of other spins, which is why this relaxation time
is also known as the spin-lattice relaxation time. Another term used to describe Tj
is longitudinal relaxation time, which refers to the time required for the longitudinal
magnetization component (M) to return to 63% of its original value after applying an
excitation pulse [28].

This relaxation time enables a mechanism in which each spin donates its energy to the
lattice to return to its equilibrium orientation. For example, longitudinal magnetization
is not immediately observed when a 90° pulse is applied to a sample. However, the
longitudinal magnetization begins to be detected over time as the protons start releasing
their energy. This process follows an exponential growth, with the time constant Tj

characterizing this growth rate. The following equation (1.6) can describe this behavior:

M(t) = My(1 — e /™), (1.6)

where My is the magnetization over time (¢) after the application of the radiofrequency
pulse, and T is the longitudinal relaxation time, which describes the rate at which the
magnetization along the external magnetic field (By) recovers after excitation (this 73

relaxation can be observed in Figure [1.3]).
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Figure 1.3: T} relaxation curve, representing the longitudinal recovery of magnetization
(M) over time. The dashed red line marks 63% of the equilibrium magnetization (M),
indicating the characteristic relaxation time 77.

After some time approximately equal to five times the longitudinal relaxation time
(T1), the magnetization returns to about 99.3% of its original value, i.e., to the state
it had before the application of the excitation pulse [20]. This process is known as T}
recovery. We can express this behavior mathematically using the following equation

(1.7):

M(5Ty) = My(1 —e™®) ~ 0.993 M, (1.7)

The energy dissipated to the surroundings has important implications, as this effect
is responsible for the relaxation of protons. When a pulse is applied consecutively,
preventing proper relaxation, 7} saturation occurs. This technique is widely used in MRI
to generate images with better contrast based on differences in longitudinal relaxation
(1) [29).

The magnetization along the Z-axis increases with the applied magnetic field, en-
hancing the signal up to a saturation limit. However, T relaxation, which describes the

return of magnetization to equilibrium, is influenced by the strength of the magnetic
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field. In stronger fields, the T} relaxation time becomes longer, increasing the risk of
saturation. Consequently, while a stronger magnetic field might initially improve signal
strength, it can also delay the recovery of spins to their equilibrium state, potentially
affecting the overall signal quality [30].

The T7 relaxation time is independent of the application of the RF pulses, since it
depends solely on the interactions between the spins and their surrounding lattice. To
obtain a higher-quality signal, it is crucial to optimize energy absorption by matching
the applied frequency as closely as possible to the resonance frequency of the nuclei [31].
This ensures efficient energy transfer between the magnetic field and the proton spins,

enhancing the overall signal strength without altering the 77 relaxation time.

1.2.2 T, Relaxation

A fundamental difference between the two relaxations is how each responds after
applying a radiofrequency pulse. In the case of T, relaxation, also known as spin-spin
relaxation, the energy of an excited proton is transferred directly to the nearest pro-
ton. Overall, the energy stays within the spin system, continuously exchanging between
neighboring protons.

This energy transfer can occur repeatedly as long as the protons are close to each
other and undergoing precession at approximately the same frequency. However, since
the interaction occurs exclusively and strongly between spins, without involving energy
dissipation into the environment (the lattice), T, is often shorter than 73. It is mainly
determined by the homogeneity of the magnetic field and the local interactions between
the spins; in this case, it is referred to as Ty [32]. The following equation (1.8) can

describe this behavior:

M(t) = Moe /™2, (1.8)

where My is the magnetization over time (t) after the application of the radiofrequency
pulse, and 75 is the transverse relaxation time, which describes the rate at which the
magnetization along the external magnetic field (By) recovers after excitation.

Another way to define T5 is as the transverse relaxation time, as it represents the
time required for the transverse component of the magnetization to decay to 37% of its

initial value [23]. In an equilibrium system, My is aligned with the Z-axis of By as can
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be observed in the Figure [1.4].
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Figure 1.4: T), relaxation curve, representing the transverse decay of magnetization (M)
over time. The dashed red line indicates 37% of the initial magnetization (M), making
the characteristic relaxation time 715.

When a 90° pulse is applied, the magnetization My is entirely rotated to the XY
plane, aligning all spins in this plane. This alignment is called coherence, resulting in
total magnetization in the transverse plane.

However, after the 90° pulse ends, the spins begin to release the absorbed energy
as time progresses. Due to spin-spin interactions, the protons exchange energy while
reorienting in the XY plane, leading to the loss of coherence. This event results in the
FID signal. For this reason, the time Ty or Ty 2 is defined as the process by which
transverse magnetization is lost.

An important point is that 73 is the rate at which transverse magnetization decays
due to inhomogeneities in the main magnetic field. These inhomogeneities can be caused
by intrinsic defects in the magnet or field distortions that tissues generate. In contrast,
T, is the "natural” or "true” rate of the sample being analyzed. Therefore, T represents
the rate at which transverse magnetization decays meaning it is always less than or equal
to T [33].

Since all magnetic fields exhibit inhomogeneities, an appropriate pulse sequence is
used to obtain a value closer to T3 rather than 7. This allows for the correction of

dephasing caused by magnetic field inhomogeneities, eliminating effects related to field

2when additional factors, such as magnetic field inhomogeneities, are involved
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gradients. A classic example of this approach is the spin-echo technique, which uses
additional pulses to reverse the accumulated phase shift and partially recover the signal

[34).

1.3 Chemical Shift

Chemical shifts in NMR refer to the phenomenon where the resonant frequency of a
nucleus in a magnetic field is influenced by its chemical environment. This effect arises
from the shielding or deshielding of the nucleus by the surrounding electron cloud. When
a nucleus experiences different local electron densities due to nearby atoms or groups, its
resonant frequency is altered relative to a reference standard. In this way, the position
and value of the chemical shift can be used to characterize molecule’s structure [24]. The
Figure [1.5] is a typical example of a chemical shift spectrum in NMR. It shows signals at
different ppm values, corresponding to different chemical environments in the analyzed

compound.
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Figure 1.5: NMR chemical shift spectrum, showing intensity as a function of chemical

shift (ppm). The blue peaks represent chemical shift signals, while the red dashed line
marks the TMS reference signal.

The magnitude of this shift is expressed in parts per million (ppm) and is known
as the chemical shift. Tetramethylsilane (TMS), is commonly used as the standard for
determining the chemical shift of compounds, with 67T'M.S = Oppm. In other words, the

frequencies for chemicals are measured for a (*H) nucleus of a sample relative to the (*H)
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resonance of TMS. This allows the chemical structure of a molecule to be characterized
based on the chemical shift values of the nuclei in the molecule [35]. This chemical shift

can be calculated using the following equation (1.9):

5 = Usample — Uref (1 9)

Uref ’
where Usample 1 the absolute resonance frequency of the sample, v, is the absolute
resonance frequency of a standard reference compound, and § is expressed in ppm (parts

per million).

1.4 Principles of Magnetic Resonance Imaging

Magnetic resonance imaging is based on the dependence of the resonance frequencies
with the applied magnetic field. The application of magnetic field gradients makes this
process possible [29].

Gradients are small perturbations superimposed on the main By, introducing a con-
trolled spatial variation in the field intensity [36]. This variation is exceptionally subtle,
representing less than 1% of the total value of By. However, it is sufficient to differen-
tiate the resonance frequencies of protons along specific directions, enabling the spatial
encoding necessary to form detailed images [37].

Gradients can be applied along the X, Y, and Z directions (see more in the figure
[1.6]), and each can be controlled through software. These gradients allow obtaining
slices, frequency encoding, and phase encoding. The selective application of gradients
allows the isolation and analysis of different regions of the object under study, making
it possible to generate detailed images of cross-sectional areas or specific planes [38].

A pulse sequence is defined as the carefully designed combination of gradients, ra-
diofrequency pulses, data sampling periods, and the time intervals between them. This
sequence determines how the magnetization is manipulated, how the signals are collected,
and how the spatial information is encoded to form the image [39].

Before delving deeper into MRI, it is essential to understand two key parameters:
Repetition Time (T'R) and Echo Time (T'F), which are fundamental to image formation.
TR refers to the repetition time of the entire acquisition protocol, which is the interval
between successive radiofrequency excitation pulses applied to a specific slice. This

parameter directly influences the image contrast and the characteristics of the acquired
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signal. On the other hand, T'E is the interval between applying the radiofrequency