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MR Imaging in the 21st Century: Technical Innovation
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Clinical MRI systems have continually improved over the years since their introduction in the 1980s. In
MRI technical development, the developments in each MRI system component, including data acquisition,
image reconstruction, and hardware systems, have impacted the others. Progress in each component has
induced new technology development opportunities in other components. New technologies outside of the
MRI field, for example, computer science, data processing, and semiconductors, have been immediately
incorporated into MRI development, which resulted in innovative applications. With high performance
computing and MR technology innovations, MRI can now provide large volumes of functional and
anatomical image datasets, which are important tools in various research fields. MRI systems are now
combined with other modalities, such as positron emission tomography (PET) or therapeutic devices.
These hybrid systems provide additional capabilities.

In this review, MRI advances in the last two decades will be considered. We will discuss the progress of
MRI systems, the enabling technology, established applications, current trends, and the future outlook.

Keywords: magnetic resonance imaging, magnetic resonance imaging system, image acquisition, image

reconstruction, magnetic resonance imaging applications

Introduction

MRI was introduced in the early 1980s as a clinical
diagnostic device. Since then, there has been a lot of
technological development. In MRI technical development,
advances in each MRI technical component, including data
acquisition, image reconstruction and hardware systems,
have interacted with each other. Progress in each compo-
nent has induced new technological development opportu-
nities in other components. New technologies in basic
sciences and engineering, for example, computer science,
data processing, and semiconductors, have been immedi-
ately incorporated into MRI development, which results in
innovative applications (Fig. 1).
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Magnetic Resonance in Medicine is a unique medical
research field based on Magnetic Resonance Imaging and
Spectroscopy (MRI/S) technology. MRI/S technology is the
core part of this research field, and the advance of the technol-
ogy leads to further success in MR medical research. The
various needs of clinical radiologists and basic medical
research scientists have always been invaluable inputs for
technology innovation, stimulating MR technical development
and resulting in new imaging technologies. The medical
research community utilizes new imaging technology to
achieve innovative clinical results. Collaboration between
diverse people in the MR community is the key to the success
of technical development and research. To celebrate the
20-year anniversary of the Magnetic Resonance in Medical
Science (MRMS) journal, MR technology development, pro-
gress, and its application to clinical research in the last 20 years
will be reviewed and discussed. In this short review, MR
technology progress will be covered, starting with MR systems
technology, followed by application development, including
pulse sequences, image reconstruction, and data analysis.

MR System Development

The 1.5T clinical MRI was launched as a commercially avail-
able clinical system in the early 1980s. The key MR system
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Fig. 1 MRI technology advances and the interactions between each technical component. Technical advances in basic sciences and
engineering impact MRI technologies. Technical development needs in each element drive innovation in other elements. MRgFUS, MR-

guided focused ultrasound; PET, positron emission tomography.

technologies, such as superconductive high-field magnet,
shielded gradient coil, phased array coil, and so on, were
developed in the first 20 years. Despite the fact that key ele-
ments of MRI had been established by the year 2000, technol-
ogy advances in the last two decades are still worth
consideration. A lot of significant achievements have been
made and it would be difficult to mention them all; however,
ultra-high-field MRI, high-density phased array coil, and hybrid
MRI systems are among the most significant innovations. Both
ultra-high field and coil density contributed to high SNR,
resulting in improved image quality and advanced applications.

The clinical 3T system was regulatory approved and intro-
duced in the early 2000s. At that time, the anticipated 3T clinical
applications were higher spatial resolution imaging and faster
imaging.' The 3T whole body system was then developed and
made commercially available.*" It spread rapidly throughout the
later 2000s. A major technical innovation for the clinical 3T MRI
system was magnet technology with reasonable cost and the RF
transmit, and receive system. In addition, specific absorption rate
(SAR) management application technology was another key
improvement to make it available as a reasonable clinical MRI.

Nowadays, most academic centers have a 3T MRI system,
and it is the main platform for both clinical practice and MR
research/technical development. 3T clinical system develop-
ment focuses on two different directions: One is pursuing
higher system performance to achieve better image quality,
and the other is prioritizing patient comfort, such as by using
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a wide bore MRI system while maintaining clinically accep-
table performance.

For MRI systems higher than 3T, major MRI manufac-
turers started to develop a human 7T system from the early
2000s that was in operation by the mid-2000s. Now, at the
end of 2020, some MRI manufacturers have received regu-
latory approval for their 7T systems. The advantage of a 7T
system is higher SNR that correlates with field strength;
therefore, high spatial resolution imaging® is one of the
potential applications for 7T (Fig. 2).

As human scan experience has been accumulated at 7T
research sites, safety investigation reports have been published.
It has been reported that vertigo and feelings of curving during
table movement were the most frequent sensations during
7T scanning. Rapid field change could cause these transient
sensations, and it may be possible to reduce their occurrence
with slower table speed and careful subject handling.”

RF penetration and uniformity has been a major challenge
for high-field MRL?® particularly at 7T or higher. In high static
magnetic field, dielectric resonance associated with shorter
RF wavelength and penetration depth results in destructive
wave interference that causes transmit RF field uniformity.
RF transmission technologies, such as RF shimming and par-
allel transmit (pTx), can optimize RF uniformity using B,/Bg
field measurement data. Obviously, B;/B, field measurement
quality directly impacts the RF uniformity optimization result.
In the ultra-high field, it has been reported that subject
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Fig. 2 Anexample of a high resolution 7T Brain image (adapted from Fig. 6 of Nakada et al.®). The image was obtained with an FSE sequence with
peripheral gating utilizing a single receiver channel of an 8-channel receiver coil. The main parameters were as follows: TR = 6 cardiac cycle,
TE = 30.264 ms, trigger delay = 500 ms, FOV =5 x 5 cm, matrix size = 512 x 512, NEX = 2, and echo train = eight. NEX, numbers of excitations.

respiratory motion could cause B, field fluctuation;” however,
its impact on pTx image quality is not fully understood.
Breath-holding B; mapping acquisition could help reduce
pTx image quality variation.'® Improved acquisition ordering
has provided reduced sensitivity to subject motion in pTx
imaging."' These key findings are important for human pTx
scans and make the scan robust in real-life conditions.

Phased array coil was invented in 1990.'% It has been
implemented and available on clinical scanners since then.
The role of the phase array coil became more important when
parallel imaging (PI) technology was introduced on clinical
MRI in the early 2000s.

Advancement in information and communication technol-
ogy, including fiber-optic communication systems, RF rele-
vant semiconductors, and digitizers, has led to RF transmit and
receive (Tx/Rx) chain hardware improvement. The MRI ana-
log transceiver was replaced by a digital one, and the MR
signal is now digitized in the MR room and transferred through
optical fiber to the system. Both changes have contributed to
significant SNR improvement. Technology improvement in
RF consumer semiconductor products resulted in an increasing
number of RF channels with a small foot-print and low cost.
The number of receive coil channels, or as we call it, coil
density, has increased continually over the last two decades."
Clinical MRI systems now have the capability to connect to
more than 100 RF coils. High-density phased array coils with
32 or 64 receive channels can be used on clinical systems that
have better imaging speed capability with PI.

Minimizing interaction between coils is critical to optimiz-
ing phased array coil performance. This mutual coil coupling
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restricted phased array coil design, such as fixed geometry,
coil size limitation, and limited sensitivity penetration.'*
Recently, a high impedance flexible coil element that can be
used to design wearable MR receive coils has been proposed.
This innovative technology provides improved SNR, higher
g-factor, and improved patient comfort. Such an RF technol-
ogy combined with advanced PI is a key innovation for scan
speed acceleration across all body areas.

Advancements in power semiconductor devices, such
as insulated gate bipolar transistors (IGBT) and power
metal-oxide-semiconductor field-effect transistors (power
MOSFET), have driven improvements in MR gradient and
RF amplifier hardware. These semiconductor devices enable
us to control gradient and RF waveform with better fidelity.
They also contribute to providing higher performance in
terms of gradient and RF. In addition, they help reduce the
energy consumption, cost, and foot-print of the MRI system.

With advances in semiconductor photon detection devices,
integrated PET-MRI has been developed and implemented as a
clinical scanner.'”> The MR-specific research area is relatively
limited; however, interesting studies have been conducted,
including pseudo-CT image synthesis from MR images for
attenuation correction,'®!” lung imaging with zero TE,'® arterial
spin labeling cross-validation,'® and whole-body diffusion
cross-validation with PET imaging. On the other hand, a PET
detector insert combined with MRI transmit and receive coil
system has been developed.”® As we have a large MR install
base, there will be an opportunity to use a similar PET detector
at existing MRI sites, and that will lead to an improved access to
PET/MRI system.
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Therapeutic intervention in the bore is one of the important
MRI system innovations over the last two decades. The MR-
guided focused ultrasound (MRgFUS) system was introduced
for uterine fibroids treatment,”' and then its application for
essential tremor treatment™ was developed. MRI is used for
the treatment planning and temperature monitoring in the
MRgFUS intervention. Tissue temperature change during the
MRgFUS treatment is monitored to control energy delivery
from an ultrasound transducer. The temperature change can be
monitored non-invasively using MR signal phase change.”?

Image Acquisition

As discussed in the previous section, the performance of
MRI system hardware components, including gradient slew
rate, maximum gradient strength, RF power, and number of
RF channels, has been significantly improved. Image data
acquisition technology continues developing with these
hardware improvements. In 1990, fast spin echo (FSE),
echo planar imaging (EPI), and fast gradient echo sequences
were developed. These sequences rely on gradient and RF
hardware performance. The image quality of these sequences
improved as MRI hardware performance improved. For
these methods, faster k-space filling, for example, shorter
echo spacing or shorter TR provides better image quality.
In the last two decades, a k-space data sampling strategy
and reconstruction started to be used as another fast imaging
technology approach. Basic PI concepts, such as simultaneous
acquisition of spatial harmonics (SMASH)** and sensitivity
encoding (SENSE),” were proposed at the end of the 1990s.
Subsequently, a variety of improved PI methods have been
proposed based on these two original technologies.?**° PI had
been implemented in clinical scanners by the mid-2000s, and
then became a standard image acquisition method used in
routine clinical practice. The advantage of PI compared with
other fast imaging is that it basically maintains image contrast
and is compatible with most image acquisition sequences. A
disadvantage of PI is SNR reduction associated with k-space
sampling reduction and RF coil geometry. As the density of
phased array coil has continued increasing throughout the
decades, PI acceleration factor has also kept increasing. A
factor of two was commonly used for clinical scans at first.
Then, a factor of 4 or more could be used for 3D acquisition
with 2D PI. Scan time can be further reduced in combination
with partial Fourier imaging’®' (PFI) and compressed
sensing®>** (CS). CS is a relatively new (proposed in 2007)
iterative image reconstruction method. It uses image sparsity
to reconstruct an MR image with under-sampled k-space
below the Nyquist frequency sampling limit. Because CS
only uses image information characteristics for image recon-
struction, this iterative method can be combined with PI and
PFI simultaneously. A lot of studies are being conducted on
how to optimize k-space sampling reduction, how to recon-
struct the acquired data, and how to combine these three
reconstruction methods. These combined methods provide
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scan time reduction of around 10 times, even on commercial
MRI scanners.

The fast imaging method with PI provides a long list of
benefits in clinical MR imaging, particularly in the body and
cardiac area, as these organs keep moving along with the
cardiac and respiratory cycles, thus shorter scan time directly
links to high image quality.’* With most recent advanced PI
methods, even high special resolution 3D imaging can be
completed within a breath-hold period.*”

If organ motion is periodical, similar motion is repeated over
the cardiac and respiratory cycle. Thus, information redundancy
exists in the MRI data, which can provide a further data sam-
pling reduction opportunity in the time domain. Sampling
reduction in t-space is generally combined with k-space reduc-
tion, and then acquired k-t space is reconstructed by a dedicated
method.>® This data sampling reduction in the k-t space pro-
vides high performance in cardiovascular imaging.*’ Phase
contrast 3D cine imaging, so-called 4D flow, requires 7-dimen-
sional data, including 3D spatial, cardiac cycle, and 3D flow
encoding, which is difficult to acquire within clinically available
scan slots. The k-t acceleration helps us make the 4D flow
available in clinical settings; thus, the k-t method is a big
break-through technology for vascular imaging.*®

2D single-shot EPI imaging samples a whole k-space data in
single RF excitation and it is thought to be sufficiently fast
enough; however, its acquisition speed is still limited by hard-
ware performance and safety limits. There were growing needs
for scan time acceleration for quantitative parametric imaging
in neuroscience. Simultaneous multi-slice (SMS) imaging is a
method to acquire multiple slices in a single RF excitation. This
acquisition method enables us to increase the number of slices
in a given TR, thus MRI scan time is decreased. Simultaneous
multi-slice excitation was originally proposed in the early
1990s.%° The original method used different RF phase modula-
tion for each excitation with multiple numbers of excitations
(NEX) so as to separate slices by Fourier transform. A novel
SMS method based on RF coil sensitivity information and
gradient phase encoding was developed, which could be used
with a single-shot acquisition sequence.*’ This advanced acqui-
sition and reconstruction technology is now an essential tool for
MR neuroscience research. In addition, it has been used for scan
time reduction for clinical diffusion MRI scans.

Motion Robust Imaging

An MRI scan generally consists of multiple RF excitations
and data acquisitions. Multiple-shot acquisition is sensitive to
the subject’s motion because the motion may cause additional
modulation in the image data for each shot. Each shot may
include different motion-induced phase shift in the MR signal
that results in ghosting. From the early days of MR imaging
technology development, motion-induced ghost reduction
methods have been developed and used. The methods include
motion synchronized acquisition and sorted k-space data
acquisition ordering to put the artifact out of the FOV.

Magnetic Resonance in Medical Sciences
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Fig. 3 Examples of deep learning-based motion artifact reduction. The motion artifacts in the acquired images (upper row) were reduced
(lower row). The residual components are shown in the middle row (adapted from Fig. 10 of Tamada et al.>°).

External devices, such as bellows, have been used to
monitor motion. Later, navigator pulse sequences, which
consist of 1D or 2D spatial selective excitations and projec-
tion data readouts with TR of 20—100 ms, have been used to
monitor the subject’s motion. The navigator pulse can mea-
sure organ location directly, whereas an external device
detects body surface motion. Thus, better motion correction
performance is anticipated with a navigator. Previously,
navigators have been used for motion triggered scans, but
they can now be used for gated scans. With this gated
navigator acquisition, abdominal 3D acquisition was freed
from the breath-hold time limit. As a result, this technique
provides excellent T1 3D high-resolution abdominal imaging
with a scan time longer than breath-holding.*!

On the other hand, retrospective motion correction with-
out using an extra monitor signal has been developed to
improve MRI motion robustness. For 2D imaging, radial
k-space trajectory with a self-navigator has been used for
motion robust acquisition.** Periodically rotated overlapping
parallel lines with enhanced reconstruction (PROPELLER)*
acquires concentric rectangular strips which consist of a few
k-space lines. As it has 2D image information within each
shot of acquisition, it has image-based motion detection and a
correction algorithm incorporated in it.

For 3D imaging, the radial stack of star (SOS) k-space
trajectory has been applied to de-sensitize MR imaging from
motion effect. Because the SOS samples k-space data
radially in the kx-ky plane and sequentially in the kz-direc-
tion, it has a zero-frequency k-space center signal in every kz
loop. Hence, it has motion-monitoring capability. The kx-ky
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pseudo-random radial sampling order was implemented with
golden angle acquisition, and the motion effect on the MR
image can be seen as a random incoherent ghost in various
directions. The monitored subject’s motion can be used to
reduce the motion effect. This method has been used for 3D
contrast-enhanced dynamic abdominal imaging. As it is
motion insensitive, it can provide free-breathing high tem-
poral resolution 3D CE-dynamic imaging.***°

Another 3D motion insensitive approach is pseudo-random
3D k-space filling in the ky-kz standard Cartesian acquisition.
In this way, pseudo-random k-space trajectory scanning effec-
tively suppresses motion artifacts in T1-weighted images.*®

For brain 3D imaging, prospective rigid motion correction
using a 3D navigator has been developed*’ and used. Head
motion is monitored with 3D navigator acquisition and the
measured information is used to collect acquisition location,
which provides a prospective correction capability. It has
been reported that the method is useful for brain volume
measurement.*®

Recently, new motion detection technologies have been
developed and become available for MRI motion correction.
These devices perform the subject’s motion detection from a
camera,*’ detecting coil load signal change by motion and B,
field change monitoring. These advancements are expected
to provide better motion robust acquisition technology.

Image Reconstruction

Computational power has continued to increase in the last two
decades. As computer performance has improved, the volume
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Fig. 4 T2-weighted image reconstructed by dDLR. NAQ2 has higher image noise than NAQ5 and dDLR-NAQ2. Identification of the
hippocampal layer structure is superior in both NAQ5 and dDLR-NAQ2 compared with NAQ?2 (arrows) (adapted from Fig. 7 of Kidoh et al.>").
dDLR, deep learning-based reconstruction; NAQ, number of image acquisition.

of MRI data that we can process within a given time has
continued to increase. Thanks to the technical innovations in
MRI hardware and data acquisition technology, the number of
data points that MRI can produce has been increased to the
level of gigabytes in one acquisition. MRI data are now large
dimensional data in the spatial, temporal, coil channel, and
parametric domains (flow, diffusion). For example, diffusion
tensor acquisition may have high-dimensional data, including
100 slices, 32 channel coils, and 100 diffusion encodings,
which results in 320000 slices. 4D flow data may include
100 slices, 32 channel coils, and 4 flow encodings with
24 cardiac phases, which also results in 300000 slices.

The latest advanced image reconstruction involves a large
number of calculations, including PI, compressed sensing,
phased array coil combinations, and so on. State-of-the-art
clinical MRI scanners need to reconstruct such high-volume
3D MRI data within examination time or a reasonable wait
time after complete examination.

Artificial intelligence (Al) technology, particularly deep
learning (DL) algorithms, has accelerated innovation in MR
image reconstruction. Motion artifact reduction and motion
robust image reconstruction are some of the areas where DL
can provide significant improvement. A subject’s motion is
not generally predictable; thus, deterministic algorithms are
not effective for motion correction. As illustrated in Fig. 3, DL
algorithms have successfully reduced the motion artifact from
3D contrast-enhanced dynamic T1-weighted liver images with
a numerically generated artifact image learning method.>

SNR improvement can be achieved with DL algorithms.
High SNR images with many excitations and low SNR images
with few excitations were prepared and put into the learning
algorithm. The generated neural network could provide high
SNR images from low SNR ones”' (Fig. 4). Until now, MRI
SNR has had a trade-off relationship with scan time and spatial
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resolution. As a result, some scan parameters could be compro-
mised to balance image quality and scan time. New DL denois-
ing reconstruction allows us to use scan protocols previously
unavailable due to low SNR. It has already been applied to thin
slice acquisition with shorter scan time, high spatial resolution
3D volume image acquisition, and so on. It has been reported
that DL denoising can provide 3T equivalent image quality
from 1.5T images.>>*

Workflow

Automation and workflow improvement play critical roles in
reducing non-value-added time>* during MR examination.
Scan plan selection and location flexibility are advantages of
MRI. However, these advantages can lead to challenges for
scan operators when they prescribe scan plans for complex
anatomy scans. These challenges constitute drawbacks of MRI
examination, such as operator-dependent prescription, long
examination time, and scan availability when experienced
scan operator availability is limited. The latest sophisticated
software may be able to provide a similar performance as an
experienced expert operator. Image feature detection and
knowledge-based algorithms can recognize cardiac anatomy
and prescribe scan locations automatically> (Fig.5). The
algorithms can be further improved, expanding the application
to many body areas using DL methods.>® Other than cardiac
slice prescription, many workflow improvement efforts have
been made, for example, brain automated slice prescription,”’
liver automated slice prescription,*® and bolus tracking region
of interest.”

The introduction of the Digital Imaging and
Communications in Medicine (DICOM) image format
was a baseline of image-related workflow innovation in
this decade. This common image format allows us to
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transfer, view, and process MR images without any sig-
nificant technical skill. It has resolved all the workflow
issues related to image data. It has significantly improved
the access to MR image data, which results in image
processing analysis innovation, particularly quantitative
and functional image analysis.

Vascular Imaging

Non-contrast MR Angiography (NCE-MRA) has been a
key topic for pulse sequence development in the last two
decades. Labeling technology has been the core technology
to obtain high-quality angiogram, while fast imaging is
another key element of the imaging method to obtain
abdominal MRA. Fresh blood imaging (FBI)** was an
innovative labeling method that used blood flow speed
difference between diastolic and systolic phases. The inver-
sion-based labeling method has been used in clinical
abdominal non-contrast MRA imaging.

Vol. 21, No. 1

Most non-contrast vascular imaging sequences are based
on FSE or a steady state in free precession (SSFP) sequence,
with which the blood signal is visualized as high signal on
the image.®' Respiratory triggered scan is frequently used for
body MRA acquisition due to its long scan time. Moreover,
the combination of compressed sensing and PI reduced scan
time that led to breath-hold abdominal non-contrast 3D MRA
imaging.

Head-neck MRA is the remaining area for NCE-MRA
technological development, as By and B; uniformity degrade
the image quality. Improved FSE-based NCE-MRA has
shown promising results in the neck region.®” Peripheral
NCE-MRA is another challenging area because of B, and
B uniformity and slow flow speed. A flow acceleration
encoding MRA method has successfully improved reprodu-
cibility of MRA in peripheral areas.®®

A combination of spin labeling and the advanced recon-
struction method results in time-resolved NCE-MRA, which
provides flow information with high temporal resolution on
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the MRI. This technology further combined with arterial spin
labeling (ASL) perfusion imaging can generate MR angio-
graphy and perfusion imaging in a single acquisition.®*

Recent vascular treatment involves metal implant devices,
such as an aneurysm coil or stent. MRA acquisition was
sensitive to these metal implants; however, ultrashort TE or
zero TE MRA can provide excellent MRA with reduced sus-
ceptibility to these devices.®> This advanced acquisition was
enabled by high RF and data sampling switching hardware.
Invasive follow-up examination with interventional angiogra-
phy can be reduced with this advanced MRA sequence.

Image Contrast and Quantitative Imaging

Diffusion MRI (dMRI) came into use on clinical MR scanners
in the mid-1990s. Since then, technology has been signifi-
cantly improved to provide many advanced applications,
including intravoxel incoherent motion (IVIM),*® diffusion
tensor imaging (DTT) and DTI-based tractography,®’ diffusion
kurtosis imaging (DKI),®® etc. These dMRI methods have
been necessary tools for neuroscience research to understand
brain microstructure and connectivity.®” Single-shot EPI has
been used for dMRI acquisition sequences, which limits spa-
tial resolution and image quality. While various high spatial
resolution dMRI acquisition pulse sequences have been
proposedand used’® 7 in the last decades, there are remaining
improvement opportunities to balance scan time, image qual-
ity, and spatial resolution.

Although chemical exchange has been a major research
target in the in-vitro nuclear magnetic resonance (NMR)
field for years, it has not been used in clinical MRI due to
demanding hardware requirements. Chemical exchange
saturation transfer (CEST) has been proposed to use che-
mical exchange as an image contrast. Continuous RF irra-
diation is required to saturate a molecule that has a certain
resonance frequency. Saturation is transferred through a
chemical exchange process, so that the exchange can be
visualized as image contrast. CEST contrast is sensitive to
micro-environmental properties of molecules.”*’* It has
been used to diagnose brain tumor. The hardware require-
ments for continuous RF irradiation are far different from
standard clinical MR scanning. RF amplifiers for clinical
MRI are generally designed to generate high peak power
within a short period for fast imaging acquisition. Some MR
manufacturers have already implemented the capability.

MR elastography (MRE) can provide image contrast asso-
ciated with tissue elasticity. An elastic wave is generated by
an external transducer, and the wave is sent to the body. MRI
is used to visualize the wave field at multiple time points.
The acquired wave field is reconstructed into the elasticity
spatial distribution of the human body. It has been applied for
liver cirrhosis diagnosis,”>’® and then its application is
expanded to measure brain tumor stiffness.

Magnetic susceptibility is a property of a material that
reflects the reaction of the material to a magnetic field.
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Quantitative susceptibility mapping (QSM) is a way to mea-
sure magnetic susceptibility using MRI. Magnetic suscept-
ibility changes the local magnetic field that induces local
magnetic resonance frequency change. Local phase shift on
an MR image can provide local magnetic field information.
Inversion algorithms are used to estimate magnetic suscept-
ibility spatial distribution from magnetic field measurement
results. It is a non-linear ill-posed inverse problem, and many
reconstruction methods have been proposed (Fig.6)"”"® to
solve it, including DL algorithms. Broad QSM applications
have been studied, including oxygen extraction fraction
mapping and carotid plaque imaging.

Longitudinal relaxation time and transverse relaxation
time (T; and T,) have been studied as measurable quanti-
tative parameters since the early days of MRI development.
With recent advances in pulse sequence development,
these traditional MR parameters can be acquired more
quickly than ever before. Fast multi-parametric mapping
methods, such as synthetic MR and MR fingerprinting,
provide easier access to quantitative measurements.®”

Future Outlook

There are a lot of topics that cannot be mentioned in this
article as MR technology is too broad to be comprehensively
covered. New contrast mechanism developments, including
hyperpolarized MRI, and new contrast materials may bring
us new imaging methods to see tissue metabolism and
function.

As we have seen in the last several decades, advances in
computing power have significantly impacted MRI innova-
tion. As cloud services improve, all the intensive computer
processing related to MRI, like large data handling and high
performance computation, may be integrated into the cloud.-
82.83 This will change the paradigm of MRI data flows.
Mouses and keyboards have been the standard user interface
(UI) for the last two decades. New Uls, such as smartphones,
may introduce new interactions with MRI scanners and facil-
itate new MRI application development.

Sensing device technology and big data processing can
provide better MR scanners and subject monitoring tools.
These measurement results can be used as feedback informa-
tion, which can help improve MR scan fidelity. Consequently,
the performance of MR scanners will increase or similar
performance can be achieved at lower cost.**%

Challenges in healthcare economics and aging societies
will bring about opportunities for new technology develop-
ment. Low helium consumption and low-cost magnet would
be a solution for sustainable MRI in challenging healthcare
economies. Patient-centered technology development, such
as wide bore systems, low acoustic noise scanning,***” light-
weight coil, and free-breathing scanning, will continue to be
an important goal.

Finally, the importance of collaboration between MR man-
ufacturers, physicists, radiologists, and technologists should
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Fig. 6 Susceptibility maps estimated by SS-TVV-NM and SS-TVV from mSPGR and sSPGR, respectively. A slight signal inhomogeneity was
observed in the map estimated by SS-TVV from mSPGR (dashed arrows). Moreover, a large shading was observed by the combination of
SS-TVV and sSPGR (dashed arrows). mSPGR, multiple spoiled gradient echo sequence; sSPGR, single-echo spoiled gradient echo
sequence; SS-TVV-NM, single-step total variation with variable kernel size and norm minimization within the volume of interest (adapted
from Fig. 4 of Kan et al.”®).

be emphasized. This collaboration is key to implementing new
MRI advanced technology in clinical practice. It is the best
source of innovation for MRI success in the future.
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