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Abstract

Better MRI scanning technologies and protocols can provide insights into neurological disorders. In this review, we describe the basic concepts of MRI and, in the
process, we convey to the reader the relevance of MRI as a high-resolution imaging modality of tissue structure and metabolism. We outline the main parameters for
improving MRI resolution and sensitivity for the ultimate goal of optimizing the diagnosis of neurological diseases. A key to obtaining high-resolution images by MRl is the
strength of the magnet’s external field strength (Bo). The higher the field strength, the better the signal-to-noise (SNR) of acquired signals. Hence, this results in improved
sensitivity and resolution of the reconstructed images. This article recapitulates the advancement of MRI technology towards Ultra-High-Field Strength (UHF) apparatus
and the consequent benefits in SNR. Other keys towards improving MRI images include deftly modifying the parameters of longitudinal magnetization relaxation time (T1),
transverse magnetization relaxation time (T2), repetition times between radiofrequency (RF) pulses (TR), and the time of reading post-pulse (TE). Such parameters can be
controlled through acquisition software associated with the MRI machines. The review profiles the cumulative efforts by researchers to complement UHF-MRI hardware
with innovative RF pulse sequences protocols such as Diffusion Weighted Imaging (DWI), Pulse Gradient Spin Echo (PGSE), Oscillating Gradient Spin Echo (OGSE), Blood
Oxygen Level Dependent (BOLD)-MRI and Arterial Spin Label (ASL)-MRI. Collectively, these advances in both MRI hardware and software have pushed the field to attain
a mesoscopic level of resolution. Further enhancements in analyzing MRI images through Artificial Intelligence (Al) algorithms may advance resolutions beyond the
mesoscopic stage and perhaps even toward the microscopic resolution of living tissue.

of water molecules which, in turn, possess a subpopulation of
charged hydrogen (known as *H) protons. When these charged
protons are subjected to an external magnetic field (B
Figure 1), an intrinsic and charged spin angular momentum
is revealed which causes the protons to collectively align and
process or quantum mechanically rotate along the axis of the
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Introduction

MRI, or magnetic resonance imaging, is an imaging
modality that utilizes both magnetic fields and exogenously
applied radiofrequency (RF) radiation to create high-resolution
visualizations of tissues. Biological tissue is composed largely
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external magnetic field, B . The frequency of this precession is
known as the Larmor frequency. It is constant and is a function
of the type of atom as well as the strength of the external
magnetic field. Thus, a hydrogen proton has a different Larmor
frequency than say a carbon atom. In addition, the stronger
the B, the stronger the precession. The precession of the
charged atoms causes a magnetic moment to be produced
parallel to the axis of B, and this is known as longitudinal
magnetization. At this point, an RF pulse, orthogonal to B , can
be introduced into the tissue at the Larmor frequency (or the
frequency of precession), and this energy is absorbed by the
proton to push their precession angle away from the direction
of B, (note that higher B  results in higher signal above noise).
The more perpendicular magnetization is known as transverse
magnetization [1] (Figure 2). RF pulses can be strong enough to
send the proton to 90°and in some cases 180° (i.e. anti-parallel)
to the plane of the external magnetic field, B,.

Figure 1: The proton (grey ball) has the intrinsic property of quantum mechanical
spin and charged angular momentum. When a main external magnetic field (Bo) is
applied. the proton will circle or precess around the axis of the Bo. The frequency of
this precession is called the Larmor frequency.
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Figure 2: Transverse Vs Longitudinal Magnetization. As shown in Fig 2, when
exposed to a net external magnetic field, charged protons (usually but not
exclusively TH protons in water) become longitudinally magnetized and they now
are aligned parallel in spinto the direction of the external magnetic field Bo. These
protons process around the axis of Bo at a specific frequency (Larmor frequency).
The net magnetization of the protons can be represented as a vector parallel to Bo.
This is known as Longitudinal Magnetization (Blue arrow in Figure 2). In order to
achieve transverse magnetization (red vector in Figure 2), resonance needs to be
made possible. Resonance is a phenomenon whereby a radiofrequency or RF pulse
of the same frequency as the Larmor frequency is set perpendicular to the plane of
the field, Bo. Such an arrangement allows protons to absorb energy from the pulse.
As aresult, some of the protons are excited towards higher energy, anti-parallel spin
state. Not only does this cause a decrease in the longitudinal magnetization (blue
arrow parallel to Bo, see Supplemental Figure 2) as the protons pointing in opposite
spin directions cancel each other out but it also leads to synchronization of the
precessing protons. No longer do these protons point in random directions, they
begin to move in phases as they are now pointing in the same direction at the same
time. This causes their magnetic vectors to add up in a direction that is oriented
90 degrees or transverse with respect to Bo. This is what is known as transverse
magnetization.
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Once the RF pulse stops, the precessing protons will
not stay in their phased rotation around the B, axis forever.
Environmental inhomogeneities inevitably cause the precessing
protons to de-synchronize with one another (a process known
as dephasing) and force a realignment along B,. In the process,
energy is released in the form of electromagnetic wave
functions. These wave functions are complex with seemingly
non-regular periodicity and amplitudes. They are themselves
composed of the summation of myriad regular wavefunctions
spanning the sampled space. The complex wavefunction can be
deconstructed into individual sine or cosine wave components
via mathematical operations known as 2D or 3D Fourier
transformation. In contrast to the parent wave function, these
individual components have a regular wavelength, periodicity,
amplitude, and defined phase shift. Such information can
be mapped onto an imaging grid called k-space. K-space is
conceptually complex and it is beyond the scope of this review to
expound upon it in detail. It can best be described as a graphical
algorithm that manages to condense the phase pattern and
directionality of the Fourier-transformed wave components as
data points onto a Cartesian graph. These graphs possess axes
(k, and k) that represent the frequency domains along the x
and y-direction of the field of view. The further away from the
origin, the greater the frequency. Simply put, the position (k,,
k) of the data points gives information on the frequency and
directionality of the individual wave function while the intensity
of the data points gives information on the amplitude and
phase shift of the wave function. Such information in k-space
can be reconstructed into a familiar MRI image through inverse
Fourier transformation of all data points with subsequent
summation of the wave functions. Further descriptions of this
technique (along with the mathematics) are described in more
detail elsewhere [2-6].

T1 refers to the constant time required for the longitudinal
magnetization to restore after an RF pulse is sent to the
tissue. T2 refers to the constant time taken for the transverse
magnetization to decay after an RF pulse is sent into the tissue.
These two parameters are determined by the type of tissue
being imaged, the concentration of water and other molecules,
and the parameters of the imaging pulse sequence. These
parameters, which are controlled by the experimenter to create
the best image, are TR and TE. TR, or repetition time, is the
time between RF pulses, or excitations. TE is the time interval
after an RF pulse in which the signal emitted from a proton is
read. These times of TE and TR can be adjusted to maximize
resolution and contrast in an image. Needless to say, both
longitudinal and transverse magnetization is accompanied by
electromagnetic signals and the signal-to-noise ratio depends
upon B, thus external field strength can also contribute to
image resolution.

Images can be T1 or T2 dense, meaning they rely on one of
these signals primarily for the signal contrast that produces
the image. If an image is both T1 and T2 dense, the result is
referred to as a spin dense image, namely, an image that simply
reflects the concentration of protons in the tissue. If the image
is neither T1 nor T2 dependent, the source of the signal is
uncertain, hence the image is not reflective of the tissue being
imaged [1]. The image is thus likely an artefact.
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These basic concepts create the fundamentals of MR
imaging, a current and powerful imaging technology that has
great potential to yield information beyond detailed anatomy.
How could this be achieved? With variations in pulse sequence,
contrast dyes, and imaging techniques, more information
than just images can be extracted from these tissues. With
advancement allowing imaging at higher field strengths,
the question of whether higher field strength can enable
enhance imaging is posed. In this review, the advantages and
disadvantages of high and ultrahigh field (UHF) strength are
explored, and the question of whether mesoscopic imaging is
possible today with UHF MRI is investigated.

Materials and methods

This project was completed as a comprehensive review
of the existing literature on MRI at various field strengths
and the diverse range of imaging techniques that high-field
strength MRI enables. The search occurred primarily from the
NIH’s National Library of Medicine and PubMed. The keywords
used in the first part of our studies focused on the comparison
of various field strengths in MRI. Thus, we utilized terms
such as ‘“ultrahigh-field strength”, “MRI”, “comparison”
and ‘“advantages.” The choice of keywords for the second
part of the study focused on techniques and applications.
When researching MRI techniques, typical examples were:
“diffusion-weighted imaging,” “arterial spin labeling,”
“blood oxygen level-dependent,” “Al,” “machine learning,”
and “magnetic resonance spectroscopy,”.

Results

As field strength increases, the signal recorded increases
which allow for higher resolution (Findings summarized in
Table 1) [7].
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Here are some more differences to consider in MRI field
strengths Table 2:

The images shown in Figures 3a and 3b were taken from
a study comparing the image quality of various MRI field
strengths in cardiac tissues. The difference in resolution
clearly shows increased vessel sharpness of and around the
right coronary artery, as well as more detailed vascularization.
Quantitatively, the signal-to-noise ratio is higher, as well
as the contrast to noise ratio (even though it doesn’t show
visually, it is numerically higher) [13].

It also shows the ventricles of the heart at 1.5T, 3T, and
7T. Here, visually the improvement in resolution can be
seen; however, quantitatively, the radiomics (numerical data
obtained from the image) is about the same, showing no
statistically significant difference. While this study doesn’t
explicitly ask this question, the question of which is the best
field strength to use arises. Field strength alone cannot greatly

Figure 3: a and b) 3T and 7T MRl images of the right coronary artery in the heart [13].

Table 1: Comparison of Parameters for MRI Instruments Increasing Field Strength [8,9].

Field Strength
SNR (signal-to-noise ratio)
Spatial Resolution
CNR (contrast-to-noise ratio)
T1%*
Tz***

Low Field* Middle Field* High Field*
0.2T-3T 3T-7T 7T-11.7T
Very low Mediocre Very High

Low Mediocre High
Depends on Pulse Sequence Optimization

Low Medium High

High Medium Low

*These field strength classifications are arbitrary and are only loosely defined as such for the purposes of our comparative analysis.

**As T1 increases with higher field strength, a longer TR time is needed to accommodate this, increasing the acquisition time of the scan
***As T2 decreases, the contrast to noise ratio of the image increases; however, there is a higher likelihood of artifacts due to increased inhomogeneities in the higher magnetic
field. This can be combated with field shimming techniques [10].

Table 2: Further Comparison of Parameters at Increasing Field Strength [11,12].

Low Field Strength High Field Strength

Operational Cost

Fringe Field
Presence of Certain MR Artifacts
Energy deposition in tissues
Portability
Homogeneity
Detection of calcifications and
hemorrhage
Detection of gadolinium
enhancement

cooled to 4K and it has to be purified (an expensive process)
Harder to site and shield MRI within a hospital or facility as field strength increases.

Decreases as field strength increases.
The main magnetic field of MRI scanners is less homogeneous at low field strength,

in tissue.

contrast for the same enhancement.

Chemical shift, susceptibility, and flow/motion artifacts are often less apparent on images from lower field scanners.
The amount of energy deposited in tissues by RF pulse (Specific Absorption Rate) increases as Field Strength increases.

Increases as field strength increases. Higher field strength MRI requires liquid helium for superconductivity. The liquid helium must be

lower-field units are inferior to high-field scanners in their ability to detect focal areas of calcification, iron accumulation, or hemorrhage

Gadolinium enhancement is less apparent at lower than higher field strengths so lower field strength MRI requires more gadolinium
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improve the quality of an image. Instead, optimizing the pulse
sequence at that field strength is vital to produce the clearest
image possible. Software and hardware work hand in hand in
the improvement of resolution in MRI [13].

Currently, one of the strongest MRI machines used in
preclinical and clinical studies is at a field strength of 11.7 T.
A study that utilized 11.7 T MRI to image ischemic changes in
the cerebral cortex of mice after intravoxel incoherent motion.
The use of such a powerful scanner allowed the researchers
to detect very subtle, but significant, changes in blood flow
[14]. The French Alternative Energies and Atomic Energy
Commission (CEA) has recently developed an 11.7 T MRI
machine with an inner diameter of 90 cm to allow the passage
of the whole human body. The conception of a machine this
powerful yet still accommodating a large-enough bore to fit
a human body is groundbreaking. Most recently, the machine
was used to image a pumpkin, to test the machine, and try
to optimize the imaging sequences being used. An image with
a resolution of 400 microns can currently be achieved, but it
is predicted that a machine of this strength should be able
to image down to 200 or even 100 microns. Herein lies the
immense importance of imaging sequences. While a stronger
machine will achieve a higher resolution, researchers first
need to figure out how to optimize it. This is usually done
using a combination of software and hardware. This year, the
CEA was able to achieve the first step towards the creation of
a multi-subject probabilistic atlas of the brainstem by using
an 11.7T pre-clinical MRI scanner to analyze an ex vivo human
brain stem. Because this tissue was obtained post-mortem,
their methods involved combining the 11.7 T MRI scanner with
various imaging protocols such as Diffusion Weighted Imaging
(DWI) to account for the fact that the diffusion coefficient in
dead tissues is 4 to 5 times lower than in living tissues. Another
factor that was taken into consideration was the T2 relaxation
time because specimen fixation does affect the T2 constant,
thus the image had to be heavily T2 weighted. Once an image
was acquired, different software such as Freeview was used
to manually define and segment the acquired 800 slices and
WIKIBrainstem Interface was used for real-time 3D navigation
of the segmented results. Through this combination of software
and hardware, they were able to acquire highly detailed images
where small nuclei such as the trochlear nucleus were detected.
However, the trade-off with the higher resolution was a loss
of contrast which sometimes made it difficult to distinguish
between neighboring nuclei [15]. This further exemplifies the
importance of optimizing both one’s pulse sequences as well
as one’s hardware. Maximizing this potential and developing a
methodology on how to image using this 11.7T scanner remains
the primary goal of the European Aroma 2022 Project [16].
Optimizing acquisition protocols through the optimization
in the sequence and timing of RF pulsing protocols has been
a focus of intensive research. The most relevant findings are
surveyed in the succeeding section.

MRI imaging techniques

Higher field strength MRI and the consequent higher
signal-to-noise ratio allow researchers to observe more
information within a scanned image. This is due partly to
the increase in sensitivity of high-field strength MRI. But to
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truly acquire better images one must also rely upon software,
in other words, the development of novel and innovative
acquisition sequences. These techniques are summarized in
Table 3a and explained in further detail below [17].

Spin Echo (SE)

A single RF pulse creates a free induction decay (FID) but
the decay is oftentimes so rapid that little useful information
can be acquired into k-space. Thus, image reconstruction is
impossible. However, two consecutive RF pulses create a spin
echo (SE). The spin echo (SE) results in a 180-degree pulse
that refocuses dephased protons. The SE regenerates the spin
phase information that was lost during the FID. Because these
protons process at different speeds due to differences in local
microscopic fields, some move faster than others and so these
protons lose their phase coherence. An initial 90-degree pulse
causes the protons to be transversely magnetized and some of
them gain their phase faster than others. When these protons
begin to de-phase, their transversal magnetization begins to
disappear causing a signal loss. As such, after half of the echo
time (TE) has passed, a 180-degree pulse is sent through these
protons causing them to process in the opposite directions.
Since these protons process at different speeds, the slower-
moving protons will now be ahead of the faster-moving ones.
After the second half of TE has passed, the faster-moving
protons should have caught up with slower ones leading to
both a stronger magnetization and signal. This occurs at the
center of the spin echo. Beyond this center, the protons begin
to de-phase once more. This spin echo pulse sequence only
serves as a temporary fix to the constant inhomogeneities of
the external magnetic field which affects image quality [18].

Diffusion Weighted Imaging (DWI)

There are, however, variations in the spin echo technique.
Diffusion Weighted Imaging (DWI) is a specialized magnetic
resonance imaging technique that uses the diffusion of water
molecules as a tool for visualizing internal physiology. DWI
gives us the ability to non-invasively map out the diffusion
processes of water molecules in different biological tissues
in-vivo [19]. The diffusion of water molecules in our tissues
isn’t random. It follows a pattern based on the intrinsic water
properties of various tissue types. Different pathological
conditions can cause this pattern to be disrupted leading to a

Figure 4a: Diffusion Weighted Imaging (DWI). The brain image here shows acute
brain ischemia (stroke). (DWI is most commonly used in stroke visualization and
management.) A shows a standard flair MRI image. B shows restricted diffusion in
the ischemic area (the lighter area, shows less water molecule diffusion). C shows
low signal intensity in the ischemic area on an apparent diffusion coefficient map
(signifying restricted diffusion, and increased intracellular presence) [62].
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Table 3: Functionality and applications of various MRI imaging techniques.
MRI Technique How it Works

- SE regenerates the spin phase information that was lost during the Free Induction
Decay (FID). After the initial 90-degree pulse, once protons begin to dephase, at TE/2 a
180-degree pulse is sent through to refocus the dephasing protons.

Spin Echo (SE)

Diffusion Weighted
Imaging (DWI)

- PGSE applies magnetic field gradient pulses to a sample for short periods of time for
the spins to obtain a phase based on the position and time of the pulse. It applies another
identical pulse to the sample and the 180-degree pulse reverses the proton's spin to
restore the direction of the phase.

Pulse Gradient Spin
Echo (PGSE)

Oscillating Gradient
Spin Echo (OGSE)

Arterial Spin Labelling

(ASL) controlled image. (See Figure 2)

Blood-Oxygen Level

Dependent (BOLD) contrast)

- Method of fMRI (See Figure 3)

change in the amount of diffusion in the affected area. DWI
helps detect these abnormalities, as depicted in Figure 4a.
More specifically, DWI is inherently a series of T2 weighted
sequences that helps detect the movement of water molecules
by applying opposite gradient pulses in each of three orthogonal
directions. No net water molecule movement corresponds to
the preservation of underlying T2 signal intensity leading to
a hyperintense DWI signal. Additionally, a net movement of
water molecules along the gradient directions leads to the
protons being de-phased and a loss of the underlying T2 signal.
DWI signal is higher in retracted diffusion but because DWI
contains T2 weighting, areas within the brain with inherently
high T2 signal intensities can also show increased signals on
DWI sequences so the Apparent Diffusion Coefficient (ADC)
is used to clarify whether this is the case. The ADC is a map
of values of normal T2 ranges for specific areas of the brain
that help distinguish between true diffusion and “T2 shine-
through” or areas that have inherently high T2 signals. DWI
is especially useful in tumor characterization as well as the
detection of acute ischemic infarcts with the key measurement
parameter being ADC [20].

Pulsed Gradient Spin Echo (PGSE)

Pulse Gradient Spin Echo (PGSE) is a type of pulse sequence
used in Diffusion Weighted Imaging. It aims to provide
information about the average diffusion and displacement
profiles of particles in a sample [21]. A diffusion sensitizing
gradient (DG) is applied to one side of the 180-degree pulse.
The phase of stationary spins is unaffected because any phase
accumulation will be wiped out by the second DG that will be
sent through. Diffusing spins move to different locations at
different times between the first and second DG that are sent
through. This causes them to fall in and out of phase leading
to a signal loss. This difference in pulse sequence is depicted in
Figure 4b. Two images are acquired and combined to create an
Apparent Diffusion Coefficient (ADC) map. The first image is

- Images the MR signal twice, no change in signal indicates the protons were relatively
stationary (no diffusion), and a loss of signal indicates proton movement (diffusion)

- Decrease diffusion time by using a succession of short diffusion weighting periods

- Measures the perfusion of our tissue of interest by subtracting a labeled image where
the arterial blood water protons have been tagged (longitudinal magnetization) from a

- Measures changes in the magnetic field due to the level of 02 in the blood (endogenous
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Data Observed

- At the center of the Spin Echo, there is both a stronger
magnetization and signal.
- SE helps in fixing inhomogeneities of the BO by
refocusing the protons.

- Imaging based on the diffusion of various tissues,
specific geometric alignment of tissues, and blood flow
visualized

- No diffusion = the phase acquired from the second pulse
will be equal and opposite to the phase of the spin just
before the pulse, resulting in a net phase of zero.

- Diffusion = the mean squared phase of all spins will be
nonzero and cause a loss in MR signal which can be used
to calculate the ADC.

- Measure tumors in vivo
- Adds another dimension to measure (can observe
axon diameter, surface-to-volume ratios of tissues, and
microstructural disorders)

- ASL + UHF = Higher SNR and longer T1
- High grade tumors = high perfusion vs low grade tumors
= hypoperfusion
- Increased Tumor Blood flow = tumor progression.
- Higher activity = higher MR signal
- Can image areas of the brain correlated with certain
stimuli, assessing organ hypoxia preventatively, possible
fetal imaging

T2 weighted and is done with the DG turned off or set to a low
value and the second image is a Diffusion-weighted sourced
image sensitive to diffusion in multiple directions and is done
with the DG turned on at various different strengths. The ADC
mabp is used to clarify any abnormalities found in Trace images
[22]. PGSE is very important in different applications used to
infer cell density, size, and cellular structure [23].

Oscillating Gradient Spin Echo (OGSE)

Oscillating Gradient Spin Echo (OGSE) is a type of pulse
sequence utilized in DWI or diffusion-weighted imaging. DWI,
as mentioned above, measures the diffusion ability of water
molecules in the body to detect anatomical structures. OGSE
employs co-sinusoidal-like gradient waveforms that are able
to determine diffusion restrictions in its gradient wave [24].
As the frequency of the wave increases, diffusion gets easier,

80" TE/Z 180° TE2 readout
" & @
RF it L - <
-l L
: , .
PGSE [t |
Clam,
-
OGSE ,"r_\\ | F |

Figure 4b: Pulse Gradient Spin Echo (PGSE) and Oscillating Gradient Spin Echo

(OGSE). This image shows the difference in PGSE and OGSE pulse sequences.
While both are divisions of DWI imaging, PGSE involves the two differences in the
pulse images at 90 and 180 degrees, and OGSE involves an additional variable, N
(number of lobes) to add another dimension in the data collection, producing the
sinusoidal curve [63]
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and more measurable parameters are detected at higher scales,
allowing for the production of a higher-resolution image
(Figure 4b). The use of this technique reveals spatial dimension
information that isn’t normally measurable with conventional
MR imaging techniques/sequences. For instance, OGSE allows
for the measuring of specific neural microstructures such as
detecting axon diameter and surface-to-volume ratios. This
data can be measured in healthy individuals as well as in
patients with various pathological issues to make a comparison
regarding neural degradation [25].

Arterial Spin Labelling (ASL)

Arterial Spin Labelling (ASL) is a magnetic resonance
imaging technique used for measuring tissue perfusion. It
uses magnetically labeled arterial blood water protons as an
endogenous diffusible intrinsic tracer. ASL provides maps of
regional perfusion and does not need any exogenous contrast
which is beneficial when dealing with the pediatric population
and those suffering from renal insufficiencies. ASL signal-
to-noise ratio is inherently low, the signal from the labeled
inflowing blood is only 0.5%-1.5% of the full tissue signal [26].
UHF magnetic field strength combined with ASL is beneficial
because it increases image SNR and lengthens T1 allowing
more spin labels to accumulate. ASL’s main goal is to produce
a “flow labeled or tag image” and a “control image” where
the static tissue signals are identical but the magnetization of
the inflowing blood is different so that when the labeled image
is subtracted from the control image, the static tissue signal
will be eliminated and the remaining signal will be a relative
measure of perfusion proportional to cerebral blood which is
the measure of blood circulating in the brain and associate
structures (CBF); it helps us determine areas of increased
spatial brain activity [26]. Multiple acquired imaged pairs are
used to construct a CBF map (Figure 4c). ASL can be used to
study the focal hemodynamic pathology of cortical lesions
in Multiple Sclerosis [27], differentiate between low-grade
tumors and high-grade tumors, and aid in the evaluation of
tumor response after treatment [26].

Blood Oxygen Level Dependent (BOLD)

Blood Oxygen Level Dependent MRI (BOLD MRI) is a
functional MRI (fMRI) that is used to image metabolic activity

Quantification

—
- -

Perfusion Cerebral
weighted Blood Flow
image (CBF) map

Control image Labeled image

Figure 4c: Arterial Spin Labelling (ASL). The basis of ASL imaging involves a control
image and subtracting the labeled image to show the movement of blood-water

molecules. This is how it detects blood flow [64]
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in the tissues imaged. As the name suggests, this imaging
technique is able to pick up on the slightest variations in blood
flow. Hemoglobin, the protein that carries oxygen from the
lungs to the tissues of the body, requires iron to be functional.
This iron in hemoglobin has an intrinsic magnetic field that
changes the magnetic moments of the proximal water molecule
protons. This change is then reflected once that tissue is put
in an MR machine and subjected to a large magnetic field.
Oxygenated hemoglobin is diamagnetic, giving off a higher MR
signal, whereas deoxygenated hemoglobin is paramagnetic,
giving off a lower MR signal. Hence, the contrast in a TR-dense
fMRI image is obtained. Areas of higher signal, or lighter color,
indicate more oxygenated hemoglobin, also indicating higher
activity/metabolism in those areas (Figure 4di) [27].

BOLD MRI is a vital technique in that it uses endogenous
contrast, a method of differentiating between tissues
internally rather than through an external dye/contrast agent
(i.e. gadolinium). It has been used in neuroscience studies to
study cortical activity that correlates with regions of the brain
associated with tasks or sensing. It also has been used to assess
cerebral microcirculation (blood flow) in detail, and how this
changes with various neurodegenerative diseases (Figure 4dii)
[17]. Additionally, it has been used to study the role of hypoxia
in various bodily organs. Specifically, BOLD has been utilized
to assess intrarenal oxygenation levels in patients with chronic
kidney disease, kidney injury, renal allograft rejection, and
other conditions [29]. Finally, BOLD has also had prospects in
fetal imaging. Preventative imaging for the fetus is a field still
in need of much research and study, and BOLD MRI can help in
this area. Imaging can hypothetically show the risk of hypoxia
for the fetus, the maternal oxygenation levels, as well as the
perfusion levels of the placenta. Studies in fetal imaging have
been limited to animal subjects, but there are promising hopes
that the results can be translated for human imaging as well
(30].

Discussion

Resolution limits on current UHF MRI: Future pers-
pectives

MR Imaging is a vital and indispensable tool in a physician’s
arsenal used to diagnose all kinds of physical and physiological
conditions. MR Imaging holds immense potential for furthering
medical diagnostic capabilities, treatment tracking abilities,
and prognosis evaluation/predictions.
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Figure 4i: Blood Oxygen Level Dependent (BOLD). 4di: Increased activity requires

increased blood flow and oxygen, this will increase the T2, producing a higher,
detectable MR signal [17].
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Figure 4dii: Example of BOLD Imaging in response to painful pressure in women
with Vulval vestibulitis syndrome [17].

This study serves the purpose of giving a simple and holistic
overview of MRI and a wide variety of current techniques
and future initiatives to the population of medical and Ph.D.
students. The review of the literature aims to provide more
insight into the prospects of microscopic imaging utilizing MR
technology, diving into and explaining the functionality and
applications of spin echo, DWI, ASL, BOLD, Al, MRS, and more.

The benefits that come with ultra-high field MRI such as
increased SNR, better spatial resolution, motion correction of
movement artifacts, and more, have compelled us to probe if
microscopic imaging was possible. After an extensive review
of the literature, the results show that although microscopic
imaging is not a possibility at this stage, the research field
is headed in the right direction. At the moment, mesoscopic
resolution and fine anatomy (anatomical details of the tissues
butnotonacellularlevel)are possibleat UHF MRIin combination
with different techniques such as DWI, ASL, and BOLD. These
techniques enable fine detail that can be used to infer cell
size, measure tissue perfusion and determine changes in the
magnetic field due to blood oxygen levels. One of the current
limitations faced is the software that is used to run the MRI
machine. Software is just as important as field strength. Since
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UHF MRIs such as 11.7T MRIs are still new and relatively rare,
research has mostly been towards finding radiofrequency pulse
sequences that give the best possible image. Other impediments
to pushing UHF MRI towards microscopic resolution include
non-uniform radiofrequency fields, enhanced susceptibility
artifacts, and higher radiofrequency energy deposition in
the tissue [31]. Fortunately, novel techniques, such as those
mentioned below, are being developed and studied to combat
these issues.

Al, Machine Learning (ML) and Deep Learning (DL)

MRI has made immense strides in utilizing new and
innovative imaging techniques to maximize the information
measured from a patient with this non-invasive and low-
harm modality. New endeavors currently being explored, and
the future of MRI, include but are not limited to the use of
artificial intelligence (AI), machine learning (ML), and deep
learning (DL) in imaging, as well as the prospects of magnetic
resonance spectroscopy (MRS). Artificial intelligence refers to
machines that respond to stimulation with the human capacity
of contemplation, judgment, and intention. ML is AI that
learns from the environment and using a variety of algorithms,
improves data, spots patterns, and performs actions on those
patterns. DL is ML that uses neural networks instead of human
intervention to obtain data and make predictions/actions
and can function/observe data at many different levels. We
speculate that combining MRI with these techniques could
possibly lead to microscopic resolution [32].

Currently, AI, ML, and DL are being used in a variety of
innovative ways to maximize the benefits technology gives
us in MR imaging. Some of these applications involve ML
being used to assess radiomics (qualitative image data being
converted into quantitative data) of disease progression and
early cancer diagnosis. For example, ML has been able to
assist radiologists in determining the malignancy of lesions
in patients with prostate cancer [33]. Additionally, it has been
used to project the effectiveness of neoadjuvant chemotherapy
(NAC) as a treatment for patients with breast cancer, and then
determine increases/decreases in treatment load based on the
predicted prognosis and patient reaction to the treatment [34].
DL has been used to convert low-resolution images obtained
with low-field strength MRI machines to high-resolution
high-field strength images, giving a much higher level of detail
and information without the cost of the high-field strength
machinery. Furthermore, ML is being used to synthesize full-
contrast medium MR images from no or low-contrast patient
images [35]. Additionally, AI and specifically DL have been
used to correct for large, complicated motion artifacts and field
inhomogeneities [36]. These are only some of the applications
of this technology to the field of MR imaging, an initiative that
continues to grow and holds immense potential and hope for
the future.

Magnetic resonance spectroscopy

- MRS is a non-invasive diagnostic test used for
measuring biochemical changes in the brain, especially with
tumors. MRS focuses mostly on the chemical composition of
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normal brain tissue vs abnormal brain tissue [37]. The basic
principle behind MRS is that the electron distribution within an
atom causes nuclei in different molecules to experience slightly
different magnetic fields which results in slightly different
resonant frequencies which in turn results in the emitting
of slightly different signals [38]. MRS at UHF improves
significantly in Signal to Noise ratio and spectral resolution [39],
which allows for the quantification of numerous metabolites
such as Choline and N-acetyl aspartate which has been linked
to different tumor types. Currently, MRS at UHF opens the
door to a number of possibilities such as:Recording the spectra
from multiple regions of the brain and using that to map out
the spatial distribution of metabolites in the brain is beneficial
when dealing with tumors’ metabolic inhomogeneities mainly
because the spectra from the necrotic core of high-grade tumor
is very different from that of an actively growing rim.

-  Differentiate between tumor type and also tumor
grade in conjunction with ASL by analyzing choline levels in
areas of high cerebral blood flow.

- Recognize high metabolic activity and construct Cho
maps in order to determine active tumor and tumor growth
regions which help in targeted radiation therapy [40].

Other

Some other technologies currently being researched to
advance MRI include (but are not limited to):

-  X-nuclei imaging: Focuses on the detection of nuclei
of other atoms such as sodium, potassium, etc. in tissues.
Although this is still in clinical trials, it aims to reveal the
underlying changes in the physiological processes on a cellular
level. This also shows us the feasibility of combining UHF MRI
with other imaging modalities for improved image quality [41].

- Parallel RF Transmission: It decreases the
inhomogeneities of RF excitations and RF energy depositions
which usually limit some spectral resolution. Its main goal is
to smooth the RF pulse to the region of interest so as to get a
better signal. It uses different RF pulse sequences at the same
time [42].

-  DMotion correction: Improves image quality and
reduces movement artifacts [31].

- Amide Proton Transfer Weighted Imaging (APTw):

APTw is a subset of Chemical Exchange Saturation Transfer
(CEST) MRI where set radiofrequency pulses preferentially
excite the population of protons in the amide groups of target
proteins (such as surface proteins of cancer cells). Eventually,
there will be a saturated population of excited protons. These
excited protons are continuously exchanged with protons from
circulating water molecules. So many saturated protons are
exchanged that there will be a noticeable change in the MR
signal from the bulk population of water molecules. Given that
this approach is sensitive and quantifiable, the extent of this
drop in bulk signal reflects the size and density of the target
tissue [43,44]). This technique has been known to distinguish
between low and high-grade gliomas [45].
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Diagnostic/Clinical MRI

Throughout this review, we’ve established that UHF MRI
enables the collection of higher-resolution images due to
an increased signal-to-noise ratio. While most clinical MRI
machines are currently 3T, the prospects of 7T and 11.7T MRI
machines are being discussed from the clinical perspective.
As an example, the Richard M. Lucas Center for Imaging at
Stanford University has inaugurated a 7T clinical MRI dedicated
to whole-body scanning [46]. Such higher-quality images
have shown great benefits in neuroimaging in particular,
specifically in conditions such as multiple sclerosis (MS),
cerebrovascular disease, epilepsy, gliomas/neuro-oncology,
and neurodegenerative diseases [47]. Higher resolution images
enable physicians to qualify white and gray matter lesions with
increased accuracy and improve the detection of metabolic
markers/metabolites (in the case of MS and cerebrovascular
disease). Furthermore, UHF MRI would enable better
visualization of the changes in cerebral cortical structure in
neurodegenerative disease and neuro-oncology, even helping
visualize the smaller and smaller vessels for stroke detection
and cerebral vascularization mapping [47,48].

Improved spatial resolution will not only significantly
advance the study of cerebral anatomy, but will also enhance
the pre-surgical determination of tumor extraction sites in
cases of neuro-oncology. Magnetic resonance spectroscopy
and other techniques can be used to assess tumor grade and
treatment efficacy with greater precision. In cases of glioma
and other neuro-oncologic pathologies, higher resolution
can also be used to detect microbleeds, visualize intratumoral
structures and neovascularization, and specifically localize the
targeted areas for radiotherapy [49].

While only the applications of UHF MRI in neuroimaging
have been explored here, with the immense variety of imaging
techniques and growing research in UHF MRI, hopefully, its
immense benefit to the clinical toolkit will be increasingly
acknowledged, and the barriers to its implementation will be
surpassed by the incorporation of both Artificial Intelligence
and machine learning technologies.

Conclusion

Magnetic Resonance Imaging, otherwise known as MRI, is
an imaging technique that all physicians, researchers, medical
personnel, and a large majority of the general population
have at least heard of. However, how many truly know the
science and reasoning behind its functionality? The purpose of
this review is to first thoroughly understand and explore the
functionality of MRI, and the methodology behind it. Then,
the question of whether microscopic imaging is possible today
with current ultrahigh field strength scanners was explored,
yielding the conclusion that as of now, mesoscopic imaging is
possible with various imaging techniques, but the microscopic
resolution will still require advancement in imaging hardware,
in more refined scanning sequences and the incorporation of
novel artificial intelligence protocols.

A detailed comparison of 1.5 T, 3 T, and 7T MRI scanners
show a clear correlation between increasing magnetic field
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strength and improved image resolution. However, such
advances in hardware must be complemented by various
novel imaging sequences that can produce higher-resolution
images or images that give us particular information about
the tissue. Diffusion-weighted imaging (DWI) characterizes
the movement of water molecules in tissues to map out
details of structures and identify areas of abnormal tissue.
Pulse gradient spin echo (PGSE) and oscillating gradient spin
echo (OGSE) are pulse sequences used within DWI imaging to
gain greater detail regarding diffusive properties of tissues,
utilizing two separate and superimposed images (PGSE) or an
added dimension of data collection (OGSE). Functional MRI
(fMRI) via arterial spin labeling (ASL) and blood oxygen level-
dependent (BOLD) techniques employ an endogenous contrast
to better visualize microcirculation and vessel structure. ASL
involved magnetically differentiating/tagging moving protons
of water molecules in the blood. BOLD works by detecting the
slight magnetic changes in oxygenated and deoxygenated
hemoglobin in the blood, identifying areas of higher blood flow
and activity. The techniques summarized here are merely a few
of the sequences and imaging techniques being used/studied
in radiology.

Such approaches in UHF-MRI are particularly useful
in neurology [50], where diffusion MRI studies have led to
numerous functional insights into the brain [51-53]. Functional
studies of the brain have been complemented by structural
studies of the brain because of explorations into pushing
the resolution of UHF-MRI towards the mesoscopic scale of
resolution [54]. These studies in turn complement computer
tomographic (CT) research into brain anatomy [55]. Further
insights should be gained by newer more sensitive protocols
such as APTw MRI, an approach known to be optimized in
higher field strength MRI [43-45]. Also, diffusion-weighted
protocols such as OGSE have the potential to sense variations
in the intracellular structure; a feature that should be enhanced
with higher field strength MRI [56]. OGSE signals are also
sensitive to axonal diameter [57] thus lending the approach
useful in assessing neuronal network anatomy.

While these techniques have launched us forward in
clinical imaging capabilities today, there are still many that
are being studied today. Some of the primary techniques and
technologies being studied include, but aren’t limited to,
the use of machine learning (ML), deep learning (DL), and
artificial intelligence (AI) in conjugation with MRI [55,58-61].
These technologies are being used to assess radiomic data from
images, as predictive software to project disease prognoses, to
convert low-resolution images to high-resolution ones, and to
correct motion artifacts while scanning. Magnetic resonance
spectroscopy (MRS) is being used to create metabolite maps,
to determine tumor size, location, and grade, as well as to
recognize/classify the metabolic activity of tumors. In addition,
X-nuclei imaging (detection of ion nuclei to study physiologic
changes), parallel RF transmission (controlling for RF field
inhomogeneities), and motion correction are all initiatives that
are being studied further.

MRI has immense potential to serve as the primary and
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most effective soft tissue imaging modality. Its applications
and capabilities seem to increase with every study, and there
is still much to learn in terms of how to optimize and advance
this imaging process. Hopefully, with more studies, MRI will
be able to minimize the amount of ionizing radiation used in
medicine and help propel imaging and diagnostics for cancer
and other ailments into a (literally) brighter future.
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