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Low-Field Magnetic Resonance Imaging
Its History and Renaissance
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Abstract: Low-field magnetic resonance imaging (MRI) systems have seen a re-
naissance recently due to improvements in technology (both hardware and soft-
ware). Originally, the performance of low-field MRI systems was rated lower
than their actual clinical usefulness, and they were viewed as low-cost but poorly
performing systems. However, various applications similar to high-field MRI
systems (1.5 T and 3 T) have gradually become possible, culminating with
high-performance low-field MRI systems and their adaptations now being pro-
posed that have unique advantages over high-field MRI systems in various as-
pects. This review article describes the physical characteristics of low-field
MRI systems and presents both their advantages and disadvantages for clinical
use (past to present), along with their cutting-edge clinical applications.
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T his review focuses on low-fieldmagnetic resonance imaging (MRI)
systems. Low-field MRI systems (generally defined as systems in

the range 0.25–1.0 T)1 have traditionally been viewed as poorly per-
forming systems because the older types of low-field MRI systems of-
ten had limited spatial resolution associated with poor image quality,
limited available receiver coils, limited kinds of image sequences and
parameters, and inefficient temporal resolution associated with low
signal-to-noise ratio (SNR).2 In fact, in the 1980s, when many low-field
MRI systems were in widespread clinical use, there was a perception in
the scientific community that higher static field strengths would enable
higher performanceMRI.1 This led to comparison studies being conducted
with various MRIs at different static field strengths. The results obtained
confirmed the improvement in image quality at higher fields.3–9 In MRI
systems, the most basic way to achieve a higher SNR is to increase the
static magnetic field strength. This is because the MRI signal itself is pro-
portional to the square of the static magnetic field strength, and the noise is
proportional to the static magnetic field strength. Based on these principles,
a 3-T MR system can theoretically achieve 15 times the SNR of a 0.2-T
MRI system.10Moreover, to improve SNR, it is self-evident that significant
investments (in terms of effort and financial capital) by researchers and
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scientists in hardware with increased gradient strengths/slew rates and sta-
bility are necessary.1 The initially developed clinical MRI systems had
magnetic field strengths of 0.35 Tand less. Various advancements have since
beenmade in this area. One of these advancements is the improvement of the
static magnetic field over the past 40 years, with 1.5-Tand 3-TMRI now be-
coming the main MRI systems for clinical use, replacing the old low-field
MRI systems.1 The history of the evolution of the field strength of clinical
MR systems has been discussed in detail by Runge and Heverhagen.11

However, the concept of direct SNR dependence on magnetic
field strength has since been determined to be false.12–14 This is because
the static magnetic field strength alone does not determine the image
SNR, and advances (since the late 1990s) in software (including various
sequences) and hardware (including gradients and imaging coils) have
made balanced sequences and high-speed contrast-enhanced MR angi-
ography (MRA) possible in low-field systems. In the past, imaging se-
quences for low-field MRI systems were relatively limited and basic,
but now they have become quite sophisticated and are comparable to
the imaging sequences of 1.5-T MRI systems that are widely used clin-
ically. In addition, the low SNR inherent in low-field MRI systems has
been improved by image reconstruction methods using deep learning
and denoising techniques. This has resulted in high image quality that
is sufficient for clinical applications.15–20 Considering these factors,
low-field MRI systems can be expected to become very popular tools
in regions of the world where MRI is difficult to install or access owing
to cost, especially in terms of maintenance.21–23 In addition, another
clear benefit of low-field systems is the reduced weight of the systems,
perhaps even facilitating mobility.2

However, it is important to understand that low-field MRI systems
are different from 1.5-Tor 3-TMRI systems, which are the backbone and
accepted standard of the MRI technique and scanner configuration. The
so-called physical characteristics (eg, differences in longitudinal relaxation
[T1] values and chemical shifts) will cause image differences that cannot
be altered by the aforementioned deep learning techniques. It is critical
to understand these differences before imaging. Nonetheless, despite these
differences, a low static magnetic field strength can be advantageous.

In this review, we discuss both the advantages and drawbacks of
low-field MRI systems.

PHYSICAL CHARACTERISTICS OF LOW-FIELD
MAGNETIC RESONANCE IMAGING SYSTEMS
The average chemical shift difference between protons in fat and

water is approximately 3.5 ppm at any field strength MRI system.24,25

Therefore, protons in fat have a resonance frequency difference of
224 Hz at 1.5-T MRI and 22 Hz at 0.15-T MRI.25 This chemical shift
is useful for detecting small fatty components in lesions and has been
used clinically in adrenal gland26 and bone and soft tissue lesions.27

However, it can cause chemical shift artifacts in clinical imaging in
MRI that can become a major problem at higher static field strengths.28

The chemical shifts of these artifacts are inversely proportional to the
sampling bandwidth. Thus, as a solution, it is possible to increase the
bandwidth and suppress chemical shift artifacts within an acceptable
SNR range because the original SNR response of high-field MRI systems
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FIGURE 1. Postsurgical operative status for cervical spondylosis. Cervical
radiographs show the postsurgical fixation of cervical vertebrae and the
presence ofmetallic fixation devices (A and B). Sagittal transverse (T2) and
longitudinal relaxation (T1)-weighted magnetic resonance (MR)
images at 1.5 T exhibit focal signal inhomogeneity, signal loss, and
artifacts, thus making it difficult to evaluate the spinal cord (C and D).
Sagittal T2- and T1-weighted images reconstructed by a 0.2-T permanent
magnet MR system show little image distortion or signal loss, and the
spinal cord can thus be evaluated.

FIGURE 2. Status of the cerebral aneurysm after a neurosurgical
operation. T2-weighted MR images (A–C) and diffusion-weighted
images (D–F) at 1.5 T show conspicuous signal loss around the coil and
metal artifacts. Evaluation of the surrounding brain parenchyma is
difficult. Line-scan diffusion-weighted images (spin echo–based
sequence) (G–I) at 0.2 T show an abnormally high intensity in the left
caudate nucleus indicative of a recent cerebral infarction. Moreover,
postcontrast-enhanced T1-weighted images (J and K) at 0.2 T show
abnormal enhancements. These findings also support the assertion for the
presence of a recent cerebral infarction.
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is sufficient for diagnosis.29 This indicates that, at lower field strengths, the
water and fat spectra are closer to each other. Consequently, it becomes
more difficult to use fat suppression pulses. In fact, the spectral width of
water is broadened in a manner that is inversely proportional to the trans-
verse relaxation star (T2*), and a small nonuniformity in themagnetic field
can easily suppress the water signal. Therefore, fat-suppressed imaging
with CHESS (chemical shift selective), especially in low-field MRI sys-
tems (up to 0.3 T), is considered challenging.30–32

The short tau inversion recovery (STIR) method has been exten-
sively used in low-field MRI systems, especially for the imaging of the
bone and soft tissue area, because it achieves fat suppression with the
use of a nonselective frequency technique and because the nonunifor-
mity of the magnetic field does not constitute a problem.33,34 However,
as is well known, STIR is not recommended for use as a fat-suppressed
T1-weighted image after contrast material injection because STIR sup-
presses both fat and any other substance with a T1 value equivalent to
© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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that of fat.35,36 The so-called water image in the Dixon technique may
be useful as a fat-suppressed T1-weighted image after contrast
enhancement.37,38

Moreover, the angular speed ω is proportional to the static mag-
netic field strength, and the correct echo time (TE) for the phase differ-
ence is inversely proportional toω. Thus, at higher static magnetic field
strengths, the appropriate value of TE is shortened. It is approximately
equal to 2.3 milliseconds at 3 T, 4.6 milliseconds at 1.5 T, and 23 milli-
seconds at 0.3 T.39 Therefore, methods such as in-phase/out-of-phase
imaging, which are used to diagnose adrenal adenomas in the adrenal
glands,40,41 are generally difficult to achievewith low-fieldMRI systems.
InMRI systems (field strengths≤0.3 T), the TEs of the in-phase and out-
of-phase images are considerably different, and thus result in different
contrasts. It is often difficult to determinewhether the difference in signal
between the 2 images is attributed to fat content or TE differences. Note
that the limitations in the choice of imaging methods and the differences
in contrast owing to these physical characteristics are attributed to the
static magnetic field strength itself, which cannot be easily overcome,
even with advances in imaging technology.42
FIELD DEPENDENCE OF T1 VALUE
The T1 values of water protons vary as a function of the static

magnetic field strength. Although there are differences between different
parts of the living tissue,43 the dependence of T1 on static magnetic field
changes are attributed to the different proportions of bound water in the tis-
sue.44 The lower the static magnetic field strength is, the shorter is the T1
value. T1 exhibits a power-law dependence with the static field strength
(ie, it is proportional to [Bo]0.3).45 Therefore, measured T1 values of the tis-
sues (ie, brain) will approximately double as the field strength is increased
from 0.3 T to 3.0 T.43 This is advantageous for T1-weighted images ob-
tained from low-field systems. In other words, the differences in T1 values
FIGURE 3. Contrast-enhanced MR angiography (MRA) of large vessels in a 0.
efgre3d (TR/TE = 12.6/3.2 milliseconds). Voxel dimensions were 0.6 � 1.6 � 1
rate of 5 mL/s.

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
in various tissues (eg, white matter and gray matter in the brain) are larger,
thus resulting in better images with greater tissue contrast.46

GADOLINIUM-BASED CONTRAST AGENT
Gadolinium (Gd)-based contrast agents enhance tissue contrast

by shortening the T1 relaxation time. The degree of T1 shortening, or
relaxivity r1, induced by Gd and tissue contrast before contrast agent
administration both determine the tissue contrast after contrast agent ad-
ministration and depend on the field strength. Rinck and Muller47 re-
vealed that the contrast between white matter and glioblastoma after
contrast agent administration is generally lower at lower field strengths.
Although r1 is higher at lower field strengths, inherently short relaxation
times of target tissues at low field strength have a higher effect on target
tissue contrast after contrast agent administration. The adjustment of
pulse sequence parameters and dosage or type of contrast agent accord-
ing to field strength might be beneficial to achieve the optimal enhance-
ment of target lesions. Notably, contrast enhancement at low field using
double dose (0.2 mmol/kg) of intravenous Gd-based contrast agent has
been reported to be similar to that at 1.5 T using standard dose
(0.1 mmol/kg) in a brain study.48 Lower contrast enhancement at low
field can be problematic, especially for detecting small brain metasta-
ses49 and checking the enhancement of multiple sclerosis lesions.50

SUSCEPTIBILITY EFFECT
The degradation of image quality associated with the effect of

magnetic susceptibility is generally reduced at a lower static magnetic
field strength.51,52 At the boundary between tissues with significantly
different magnetic susceptibilities (eg, soft tissue, bone, and air), signal
degradation is observed, but it is mitigated when the static magnetic
field strength is low.51 Therefore, it may be possible to evaluate clini-
cally lung lesions that are difficult to image at 1.5 T or 3 T with a
low-field MRI system (this is discussed in more detail later).
2-T MRI system. First phase (A) and second phase (B). The sequence is
.6 mm3, and intravenous gadolinium contrast media were injected at a
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FIGURE 5. Fractional anisotropymap (A) in axial plane and color schemes (B) used to represent the orientations of anisotropic tissues in axial and coronal
images obtained in a healthy volunteer by LSDWI on a 0.2-T MR scanner. The coronal image was obtained by reformatting the axial slice. In the color
maps, red denotes right and left, green denotes anterior and posterior, and blue denotes the superior and inferior directions. The image quality is sufficient
to estimate white matter in the brain (reproduced with permission from Hori et al90).

FIGURE 4. Axial images of water and an acetone phantom were obtained via diffusion-weighted imaging with a line-scan diffusion-weighted imaging
(LSDWI) sequencewith a b-value of 0 s/mm2 (A), fast spin echo sequence (B), andmultishot EPI sequencewith a b-value of 0 s/mm2 (C) at 0.2 T. Fewer
artifacts are observed in image (A). Artifacts generated owing to the sequence design are prominent in (B) (ghosting artifacts) and (C) (image distortions).
These images are associated with potential errors (reproduced with permission from Hori et al82).

Hori et al Investigative Radiology • Volume 56, Number 11, November 2021
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Furthermore, image degradation caused by metal implants is a
problem in clinicalMRI systems.53 Themagnitude of the effect on image
degradation varies depending on the material constituting the metal.54

Specifically, inadvertent imaging of a living body containing a metal im-
plant in a 1.5-T or 3-T MRI system can cause physical traction or unac-
ceptable heat generation in the body, thus making the examination itself
potentially dangerous.55–57 This heat generation is controlled to values
accounted by the average specific absorption rate. However, it should
also be noted that localized heat generation above the limit can be in-
duced by metal implants.58 As the force on implants is greater at high
magnetic fields, the damage caused by accidental adsorption of oxygen
cylinders, or other similar events, will naturally be greater at higher mag-
netic field strengths.59,60 This risk is expected to be much lower for
low-fieldMRI systems, especially those below 0.5 T. In addition, the deg-
radation of image quality is essential for metal implants placed in living
bodies (eg, clips for brain aneurysm surgery or fixtures in the orthopedic
field) associated with medical procedures,57 even in cases after imaging
optimization, such as cases associated with the modification of the phase
direction and TE shortening and those officially approved for imaging
with MRI, regardless of the magnetic field strength.

The loss or degradation of signals inMRI scans is more severe at
higher field strengths, which can impair the disease diagnosis.61 This is
an inherent advantage of a low-field MRI system. This is attributed to
the fact that, if it is not useful for medical diagnosis owing to image deg-
radation or artifacts, it is ultimately meaningless to use it (Figs. 1, 2).
Regarding peripheral nerve stimulation induced by gradient switching,
thermal effects by the radiofrequency field, forces, and the developed
torque by the static magnetic field render the low-magnetic field system
superior in terms of safety in conducting the test.62,63
TECHNICAL REQUIREMENTS
In general, low-field MRI systems do not require as much space

and are more lightweight than the 1.5-T and 3-T MRI systems that are
FIGURE 6. A 21-year-old woman with some clinical cervical myelopathy. Sagi
image (A), apparent diffusion coefficient (isoADC)map (B), and fractional aniso
on each image is different. Cerebrospinal fluid contamination in the voxel of th
from Hori et al82). FIESTA (A) provides high signal-to-noise and good soft tissu
echo–based LSDWI, imaged in the direct sagittal section, can provide distortio

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
widely used in clinical practice. Commercial low-field MRI systems
can be installed in a minimum area of 9 m2, but the floor needs to with-
stand at least 1.05 tons.1 In contrast, a high-field MRI system is a min-
imum of 3 tons.64 Thus, the installation requirements of the low-field
MRI system aremore flexible than those of 1.5-Tand 3-TMRI systems,
which require multiple independent rooms (examination rooms, work
rooms, and the technical room with power electronics).2 It is easier to
install and use the low-field MRI in operating rooms, emergency units,
and interventional rooms. Unlike high-field MRI systems, the magnets
used in low-field MRI systems are either permanent magnets65–67 or
electromagnets.68 The former do not require power to generate the mag-
netic field (B0), but the latter usually have a higher field uniformity.
Some MRI systems using electromagnets require simple water-cooling,
but, in any case, complex and expensive cryogenics are not necessary
for cooling. Being cryogen-free also eliminates the need for the quench
pipe, which contributes to the flexibility of the installation space.11More-
over, MRI systemswith a low field strength, particularly permanent mag-
nets, have low energy consumption,23 and therefore, they can be said to
be highly energy efficient.
IN VIVO APPLICATIONS FROM THE PAST TO THE
PRESENT

Contrast-Enhanced Magnetic Resonance Angiography
T1-, T2-, and T2*-weighted images and STIR are the most com-

monly used imaging sequences in low-field MRI systems. It was often
assumed that more advanced imaging techniques are difficult to use, es-
pecially at static field strengths below 0.5 T. In addition to noncontrast
MRA, such as the time-of-flight MRA, contrast-enhanced MRA using
a Gd contrast agent can be imaged on low-field MR scanners.69,70

Rinck and Muller47 reported that the contrast effect of contrast agents
in low-field MRI systems is lower than that in high-field MRI systems,
which seems to be a disadvantage. However, one of the most important
ttal reformatted 3D FIESTA (TR = 13.2 milliseconds, TE = 6.6 milliseconds)
tropymap (C) at 0.2 T. Note that the diameter of the cervical spinal cord
e spinal cord may induce this phenomenon (reproduced with permission
e image contrast for imaging because it is imaged in 3D, and spin
n-free quantitative maps.
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FIGURE 7. Amediastinal tumor case of an 80-year-oldman. In the transverse computed tomography (CT) image, the lesion of interest is very close to the
clavicle, and a safe biopsy approach would be difficult to accomplish on this image (A). Using the sagittal MRI scan, it was possible to perform biopsy
with anMRI-guided approach from above with a 0.2-T MR system. The low signal region (along the indicated line) denotes the biopsy needle. Note that
with the recent advanced interventional CT tool, the same procedure can be performed, but under MR guidance, ionizing radiation can be avoided.

Hori et al Investigative Radiology • Volume 56, Number 11, November 2021
imaging parameters for contrast-enhanced MRA is sufficiently short
TE. In the past, low-field MRI systems were able to achieve the short
TE required for contrast-enhanced MRA (Fig. 3). Moreover, with the
improved gradient systems available nowadays, TE can be shortened
even further, thus allowing the pursuit of contrast-enhanced MRAwith
better image quality, including higher spatial and temporal resolution.

Diffusion-Weighted Imaging
Diffusion-weighted imaging (DWI) is a technique used tovisual-

ize the mobility of water molecules in MRI. It is an important imaging
technique used clinically to detect acute stroke71–73 and to evaluate
cancer.74–78 Diffusion-weighted imaging is currently part of the clinical
imaging routine in many institutions, especially for the brain, and is
now being applied to the imaging of the entire body.79–81 In the 1990s
and 2000s, low-fieldMRI systemswere not as powerful as 1.5-TMRI sys-
tems in terms of gradients. Therefore, it was difficult to use single-shot
FIGURE 8. Bone scintigraphy shows multiple abnormal accumulations in the
intraosseous lesion. Given that it was difficult to identify the position by CT, the
T1-weighted sequence. This lesion was later found to be osteomyelitis.

674 www.investigativeradiology.com
echo planar imaging (EPI), which is the most commonly used method
for high-field strength MRI. Even if this was technically possible, its clin-
ical utility was questionable because of its low spatial resolution and SNR
response characteristics (Fig. 4).

However, single-shot EPI is not the only imaging technique for DWI,
and various other methods have been proposed. Diffusion-weighted im-
aging with line-scan data acquisition (LSDWI)83–89 does not require
high-performance gradient hardware and can be applied at low mag-
netic fields because it is based on a spin echo sequence. This method
requires a long imaging time (less than 1 hour for a 0.2-T permanent
magnet MRI for diffusion tensor imaging), including 1 b0 image with
6 different motion-probing gradient images per slice, and 18 axial slices
to cover the entire brain (Fig. 5).90 If only a trace image can be obtained,
the imaging time can be reduced further.Moreover, unlike EPI, the distor-
tion is less prominent and there are fewer magnetic susceptibility arti-
facts; moreover, it can be performed independently of gradient strength.
bone (not shown), and the STIR image at 0.2 T showed high signal in the
biopsy was performed with MRI guidance at 0.2 T using the spin echo

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 9. In theMRMatas test, a neuroradiologist manually compresses
the common carotid artery of the affected side during scanning
(reproduced with permission from Hori et al93).

Investigative Radiology • Volume 56, Number 11, November 2021 Low-Field MRI
In addition, given that this is a spin echo–based sequence, the coronal and
sagittal images exhibit less distortion. Furthermore, if the number of
slices is reduced in consideration of the anatomical structure, imaging
can be performed in a realistic acquisition time. In fact, a study of patients
with cervical spondylosis quantified and evaluated the apparent diffusion
coefficient and fractional anisotropy (FA) with LSDWI of the cervical spi-
nal cord in sagittal sectionwithin 6minutes 18 seconds (Fig. 6).82However,
for advanced diffusion MRI that requires multiple MPG axes, or diffusion
MRI that requires many slices covering a wide range of the body (eg, can-
cer staging), LSDWI with its long imaging time is not an efficient imaging
FIGURE 10. A 65-year-old man with hypopharyngeal cancer in the left side, a
carotid artery was compressedmanually and sufficiently to stop its blood flow.
patient side (right, black arrow) to the occluded side (left, white arrow) via the

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
method and is not recommended. Furthermore, at least on the latest
0.55-T MRI systems, the image quality of diffusion-weighted images
with single-shot EPI is comparable to that of 1.5 T, with less distortion
at 0.55 T than at 1.5 T.11

Interventional Magnetic Resonance Imaging
Low-field MRI systems are often implemented in the so-called

open-type system configurations. These system types have added clin-
ical advantages, including the fact that they dealwith claustrophobia pa-
tients, and allow parental presence in pediatric patient scans. They also
possess technical advantages that make interventional MRI possible. In
the evaluation of these systems, the first aspect that needs to be consid-
ered is the image-guided technique, especially in the bone and soft tissue
areas. In the bone and soft tissues, orthopedic procedures are usually per-
formed under x-ray fluoroscopic guidance; however, it is often difficult to
determine the exact anatomical location of soft tissues (muscles, liga-
ments, neoplastic lesions, etc). In contrast, MRI provides high tissue-to-
tissue contrast for these, thus its usefulness in orthopedic procedures is
promising.91 Although biopsies in the field of orthopedics are also exten-
sively performed with computed tomography (CT) guidance, we believe
that soft tissue biopsies at locations that are difficult to be biopsied with
CT, or those that cannot be accurately identified, are good target applica-
tions for MRI-guided techniques (Figs. 7, 8). In addition, a system for
real-time tracking of the position of biopsy needle tips and catheter tips
in interventional MRI in low-field MRI systems was devised in 1999.92

Current advanced 0.55-T MRI systems allow cardiac catheterization un-
der real-time MRI fluoroscopy guidance.18

Moreover, we have performed the MR Matas test by using a
form of contrast-enhancedMRA, 2-dimensional MR digital subtraction
angiography, and temporary manual occlusion of the affected common
carotid artery by taking advantage of the characteristics of the open-type
0.2-TMR system (Fig. 9).93 The purpose of this procedure was to com-
plete the conventional Matas test, which requires x-ray exposure,
nd consequent changes to the left cerebral circulation. The left common
TheMRMatas test at 0.2 T clearly demonstrates the cross-flow from the
circle of Willis (reproduced with permission from Hori et al93).
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FIGURE 11. Time-of-flight MRA (A) and minimal intensity projection
susceptibility-weighted imaging (B) from the recent advanced 0.55-T
MRI system. Voxel dimensions were 0.5� 0.5� 0.5mm3 in time-of-flight
MRA and 0.3 � 0.3 � 16.0 mm3 in minimal intensity projection
susceptibility-weighted imaging with approximate scan times of 5 and
6 minutes. Courtesy of Hiromori Uneda and Akihiro Manabe, Siemens
Healthcare Japan.
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ionizing radiation, and a skilled neurointerventional radiologist; it is
thus safer and easier to perform with MRI. The image quality of the
MRMatas test was generally sufficient to confirm cross-flow from the pa-
tient to the occluded side in comparison with selective intra-arterial digital
subtraction angiography (Fig. 10).

In addition, because of their open forms and relatively low risk of
metal adsorption accidents, low-fieldMRI systems are also used as part
of hybrid systems in surgical operating rooms,94 radiation oncology
units,95 and radiography systems.96

CUTTING-EDGE TECHNOLOGY AND
FUTURE PERSPECTIVE

In recent years, low-field MRI systems equipped with high-
performance gradients have been developed. These systems are ex-
pected to be clinically useful. As described previously, a lower static
field strength is expected to shorten T1 and reduce magnetic suscep-
tibility artifacts. Although the SNR decreases with the static field
strength, the SNR is not determined solely by the static field strength,
but by various factors, such as gradient coils and pulse sequence design.
Therefore, a low-field MRI system equipped with high-performance
gradients has the potential to be best for both low-field and high-field
MRI systems. Campbell-Washburn et al18 showed the feasibility of
0.55 Twith high-performance imaging technology in clinical use.What
is notable in their report is the excellent image quality of theMRI scans,
especially of the lungs, which is inherently difficult to achieve with a
1.5-Tor 3-TMRI system. In another report, pneumonia associated with
COVID-19 was also evaluated with the use of this 0.55-T MRI.97,98

Conditions, such as diffuse lung disease or focal pneumonia, which
have not been evaluated by MRI in the past, deserve further evaluation by
MRI in the future. Given that CT scans are extensively used to evaluate
lung lesions, it would be very useful ifMRI could be used to evaluate some
lung lesions, especially in children,99 to reduce x-ray exposure. It is worth
mentioning that MRI-guided right heart catheterization was performed
with 0.55-T MRI. This is a prerequisite for the procedure, which requires
cardiac MR images of sufficient quality; furthermore, by using a spiral
out acquisition, the image quality becomes comparable with that of 1.5-T
MRI. Although a guidewire is required for this procedure, no complica-
tions, such as heating, were observed. This may be attributed to the positive
effects of the low static magnetic field strength.

Another area that is progressing rapidly is the use of deep learn-
ing to denoise and improve the image quality of MR images for clinical
use, and for the generation of quantitative maps.100,101 Most of the re-
search has been conducted on 1.5-T or 3-T MRI systems, but there
are possible advantages associated with low-field MRI. However, there
is one possible advantage of low-field MRI, namely, the fact that deep
learning can be used to make the images of low-fieldMRI systems look
more like those of 1.5-T or 3-T MRI systems (arXiv:2003.07216v2
[eess.IV], arXiv:1909.06763v1 [eess.IV]). This method is reasonably
priced and can be beneficial for classical low-field MRI systems, re-
gardless of the model. It is expected that a method that can remove noise
will be useful. However, there are some limitations to the actual clinical
application of this technique. For example, as shown previously, the dif-
ference in image contrast based on physical properties caused by differ-
ences in static magnetic fields should be considered. In addition, it is
not always the case that the contrast of MRI scans from a low-field MRI
system is inferior to that of a high-field MRI system (eg, T1 contrast).

Furthermore, in some clinically important areas, such as time
of-flight MRA and susceptibility imaging, 3 Twas widely recognized
very early as being the field strength of choice.11 In contrast, with pre-
vious low-field MRI systems, these imaging techniques were difficult
to use and only poor-quality images could be obtained. However, with
next-generation advanced 0.55-T low-field systems, it is possible to ob-
tain time-of-flight MRA and susceptibility-weighted imaging with
completely comparable image quality (Fig. 11). Therefore, it is
676 www.investigativeradiology.com
important to recognize that the magnetic field strength of the MRI sys-
tem itself is not directly linked to the MRI scan quality.

In addition, applications with modern acceleration techniques, such
as compressed sensing SPACE,102 simultaneous multislice, EPI,103 and
simultaneous multislice fast spin echo imaging,104 used in 3-TMRI, are
available in this low-field system. Therefore, the poor temporal resolu-
tion of imaging, which is often pointed out as a problem in low-field
MRI systems, is expected to improve.

Finally, let us have a brief look at portable scanners. All of the
aforementioned MRI systems are fixed-installation systems and may be
© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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difficult to access depending on the patient's condition or infrastructure re-
quirements. Therefore, if a compact and lightweight MRI system could be
realized similar to an ultrasound system, it could be expected to be clini-
cally useful, especially in the evaluation of critically ill patients. Cooley
et al105 introduced a compact, portable MRI system for the head that uses
a 122-kg low-field (80 mT) magnet,105–107 in conjunction with actual im-
aging data. The spatial resolution of this system is lower, and the imaging
time is longer than that of a conventional fixedMRI system.However, clin-
ically useful images, such as T1- and T2-weighted images, have been ob-
tained, and future developments are expected. In addition, surprisingly,
MR systems that can perform routine imaging, such as T1, T2, FLAIR,
and DWI in the intensive care unit, have also been developed.108

CONCLUSIONS
Imaging techniques and images in low-field MRI systems are

currently more advanced than is commonly recognized. Since the late
1990s, various applications, such as contrast-enhanced MRA and
DWI, have become possible. Moreover, it should also be understood
that the physical characteristics of low-field systems make them supe-
rior to high-field MRI in many ways (eg, T1-shortening effects and
low-magnetic-susceptibility artifacts associated with the static field
strength). Recent advanced techniques, such as the use of powered gra-
dients, sophisticated radiofrequency coils, and optimized sequences,
have shown that the static field strength itself does not necessarily need
to be high. In addition, with the recent remarkable developments in
deep learning techniques, noise due to low static field strengths can
be removed more effectively than before. Clinically, the fundamental
value of MRI lies in tissue contrast information, which cannot be re-
placed by other modalities, such as CT.109 For this reason, the strength
of the static magnetic field and cost are important issues. Overall, we
believe that low-field MRI systems will continue to develop and be-
come more widespread in the future.
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