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Advocating the Development of Next-Generation,
Advanced-Design Low-Field Magnetic Resonance Systems

Val M. Runge, MD and Johannes T. Heverhagen, MD, PhD

Abstract: New next-generation low-field magnetic resonance imaging systems
(operating in the range of 0.5 T) hold great potential for increasing access to clin-
ical diagnosis and needed health care both in developed countries and worldwide.
The relevant history concerning the choice of field strength, which resulted in
1.5 T still dominating today the number of installed systems, is considered, to-
gether with design advances possible because of interval developments, since
low field was considered for clinical use in the 1980s, and current research.
The potential impact of low-cost, advanced-generation low-field magnetic
resonance imaging systems, properly designed, is high in terms of further dis-
semination of health care—across the gamut from industrial to developing
countries—regardless of disease entity and anatomic region of involvement,
with major niche applications likely as well.
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T his review begins with a consideration of the historical evolution of
field strength in the development of clinical magnetic resonance

(MR) systems, together with the low-field superconducting systems
(operating in the range of 0.5 T) existent in the 1980s and 1990s (when
these systems were last sold). The main focus of the review then fol-
lows, discussing the potential today of low field and the technologic ad-
vances1 that could be used to maximize the image quality on those
systems. It is well time to reconsider low field for clinical imaging.
There is a bright future for next-generation, advanced-design systems
that offer high image quality, broad flexibility, and a substantial reduc-
tion in system cost. This development is likely to greatly expand the use
and clinical value of MR, accelerating the dissemination of MR tech-
nology worldwide.

THE HISTORICAL EVOLUTION OF FIELD STRENGTH
There have been remarkably few studies and little comparative

research in the transition from 0.014 T—the operational field strength
in 1980 for the first whole-body MR scanner—to 3 T today, as used
for clinical examinations. The original basis for MR imaging (MRI)
was first envisioned by Paul Lauterbur at Stony Brook University
(United States) and Peter Mansfield at the University of Nottingham
(United Kingdom) in the 1970s, with the 2 jointly sharing the Nobel
Prize in Physiology/Medicine in 2003.2 Lauterbur's fundamental contri-
bution was the use of gradient magnetic fields to obtain spatial informa-
tion, allowing 2-dimensional (2D) images to be acquired (1973).
Mansfield advanced this work further by introducing the concept of fre-
quency and phase encoding using spatial magnetic field gradients, with

the final image able to be reconstructed by the use of a Fourier trans-
form (1977). Shortly thereafter, the team led by Professor Mallard in
Aberdeen, Scotland, developed the first whole-body MR scanner.3

The first whole-body MR system, that at Aberdeen, was used to
scan more than 1000 patients. In August 1980, on this unit, the first
clinically useful MR images of a patient were obtained, identifying a
primary lung tumor, abnormalities in the liver, and metastatic spread
to the bone. By the end of 1982, this machine (Mark I) was already out-
dated, so rapid were the technological advances in the field, with the
unit used only infrequently for small research projects. By that date,
the work of the group in Aberdeen was focused on a second prototype,
which was to operate at twice the magnetic field of the original system
(0.028 T), still generated though by a resistive magnet.

Diasonics, a company whose MR business was eventually sold
to Toshiba, produced the earliest commercial units, standardizing in
the early 1980s on a field strength 0.35 T (a 10-fold leap in field
strength over theMark II Aberdeen prototype), using a superconducting
magnet. The company vigorously defended their choice of field
strength, both in lectures and scientific publications.4 Technicare, an-
other early market leader, initially delivered four 0.5 T clinical units
in 1983 (Fig. 1), then standardized on 0.6 T, also strongly defending
its choice of field strength.5 Siemens' first commercial units, delivered
in the mid-1980s, operated at 1.0 T, a field strength chosen and advocated
by several other manufacturers at that time. Thus, the magnetic field of
choice very rapidly evolved from the initial choice of 0.04 T to 0.5–1.0 T
(with the evolution as well from resistive to superconducting magnets).

The back cover of the journal Radiology had an advertisement
each month for many years in the mid and late 1980s detailing GE's de-
velopments in MR and specifically advocating a field strength of 1.5 T.
This was a radical idea at the time, with no clinical systems having been
delivered with such a high field strength. Major arguments made in this
way included statements (some later proven to be false) such as the im-
portance in the future of phosphorus spectroscopy, “which would not be
possible at lower field strengths and only achievable at 1.5 T.” Largely
because of marketing pressure, the other major vendors were driven
to invest in the development of clinical 1.5 Tunits. By the 1990s, deliv-
ery of 1.5 T units dominated the industry.

By the early 2000s, Radiological Society of North America re-
fresher courses were already beginning to debate the pros and cons of
3 T, although clinical experience was almost nonexistent. In general,
3 Twas strongly advocated by speakers and experts in the field during
the first part of this decade.6 However, in these sessions, comments
from the audience and from the few actual users were often mixed.7

Brain images with 1 major vendor were inferior to those achieved
at 1.5 T, because of shading, susceptibility artifacts, and vessel pulsa-
tion. Furthermore, in the early part of the decade, only the brain could
be imaged with a quality sufficient for clinical examinations. The
resulting brain imageswere superior to those acquired at 1.5 Tonly with
1 of the 2 major vendors of the day. And, until short–echo time (TE) 2D
gradient echo (GRE) sequences were introduced,8 the T1-weighted
scans on those units remained inferior to those at 1.5 T.

There were many major challenges in making 3 T an acceptable
scanner for all body regions,8 including, for example, longer T1 times,
chemical shift (both in plane and through plane), and patient heating
(specific absorption rate [SAR]).9 One thing noted immediately with
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early 3 T brain scans was the difficulty of the patient to hold sufficiently
still to obtain the achievable anatomic resolution without substantial
motion artifacts. Brain images could be acquired in a clinically accept-
able scan time (5 minutes) with very high in-plane spatial resolution
(eg, 0.5� 0.5mm2), but many of the resultant scanswere of poor image
quality because of patient motion. However, the scans in which the pa-
tient did not move were of exceptional quality owing to the spatial res-
olution that could be achieved. Major adjustments in scan parameters,
and indeed in the scan sequences, that were used for image acquisition
were required. Even today, the debate continues in some anatomic areas
as towhether 1.5 T is superior, for example, in cardiac imaging andwith
metal implants. The quality of spine images at 3 T slowly improved dur-
ing the 2000s, requiring redesign of the spine coils and sequences more
amenable to use at 3 T. In other clinically important areas, such as time-
of-flight magnetic resonance angiography (MRA), contrast-enhanced
MRA, and susceptibility imaging, 3 Twas widely recognized very early
as being the field strength of choice. By the end of the 2000s, 3 Twas
recognized as superior to 1.5 T, when images were acquired with appro-
priate protocols, for the brain, head and neck, spine, and musculoskel-
etal system. Regardless of these advantages, even today, of every 3
clinical MR units sold, only 1 is 3 Tand the other 2 are 1.5 T—with this
largely because of cost. For much of the history of MR, system costs
were in the range of US$1 million per tesla, although these have fallen
in recent years. There is also considerable variability in the purchase
price depending upon how a system is equipped, with installation costs
adding hundreds of thousands of dollars.

LOW-FIELD IMAGING IN THE 1980s AND 1990s,
CONTRASTED WITH THE DEVELOPMENT OF 1.5 T

Early scientific publications advocating high-field-strength im-
aging often ignored the possibility of low-field imaging.3 One of the
major manufacturers, being a late entrant into the field, heavily empha-
sized the advantages of 1.5 T—the field strength the company had cho-
sen to pursue as a marketing strategy, pushing the entire industry in this
direction. The development of 1.5 T imaging continued forward at
breakneck speed, despite prominent evidence of little, if any, advantage
in terms of medical diagnosis and sensitivity to disease regarding major

areas of clinical utilization. In a large-scale trial involving 132 patients
with suspected multiple sclerosis, no difference in accuracy, sensitivity,
or specificity was noted between scans conducted at 0.5 and 1.5 T.10 In
this study, imaging parameters were identical, with the exception of
bandwidth optimization for low field strength. Turning to the musculo-
skeletal system, 114 patients referred for imaging of the kneewere eval-
uated at both 0.5 and 1.5 T with identical sequences, again with
bandwidth optimization and also a slightly longer imaging time at the
lower field strength.11 No advantage for higher field strength was found
regarding accuracy and diagnosis of anterior or posterior cruciate liga-
ment and meniscal tears. It is pertinent to remember that the arguments
favoring high magnetic field, 1.5 T and above, included prominently—
in addition to high signal-to-noise ratio (SNR) (and thus the potential
for faster imaging and higher spatial resolution)—spectroscopy and
functional MRI, which are rarely used today clinically.

In comparing 0.5 and 1.5 T, the hypothesis still stands today as it
did in 1996 “that applications that require very fast imaging, very high
resolution imaging, or detection of very small image intensity changes
may demonstrate diagnostic advantages for high magnetic field.”12

However, such applications constitute only a small part of the clinical
population that is routinely imaged. Using receiver operating character-
istic analysis, the same group in Canada demonstrated that for the 2
common diagnostic tests (multiple sclerosis, knee) previously discussed,
0.5 T MRI was diagnostically equivalent to 1.5 T.12 This held true de-
spite the higher SNR and contrast-to-noise ratio (CNR) at 1.5 T in their
comparison. Important in this consideration, however, is bandwidth op-
timization. For human imaging, SNR is a linear function of field
strength, assuming that receiver bandwidth is held constant and the rep-
etition time (TR) is long compared with T1 (which prolongs with
higher field strength). But if bandwidth is allowed to vary with field
strength, so that chemical shift is always a constant pixel shift, then
SNR scales with the square root of field strength. The CNR is a more
complicated situation, owing to T1 increasing with field strength. For
T1-weighted scans, the advantage for 1.5 T over 0.5 T in CNR can be
less than 20%. Alternatively, for scan sequences with very little T1 con-
tribution, there can be a 40% difference in CNR between 0.5 and 1.5 T.

A question that remains to be answered in comparing 0.5 and
1.5 T, unaddressed by previous research, is the performance of time-
of-flight MRA and contrast-enhanced MRA on next-generation, ad-
vanced low-field systems (Fig. 2). These scan techniques were devel-
oped relatively late in the evolution of MR, and specifically on 1.5 T
systems.13 Whether advances in technology and scan acquisition tech-
niques will close the gap in image quality for MRA, if indeed such a
gap is significant, between low and high field is yet to be seen.

FIGURE 1. Brain imaging, a historical comparison of 0.5 T in (A) 1984
versus (B) 2020. The scan in 1984 is from a patient with multiple
sclerosis (MS), whereas that in 2020 is from a normal volunteer. Scan time
was 10 minutes for (A) and slightly more than 4 minutes for (B), with
voxel dimensions of 2.2� 4.4� 10mm3 versus 1� 0.7� 5mm3. A large,
chronic, right pontine MS plaque is noted in (A), with the scan
otherwise nondiagnostic due to poor SNR and CNR. Note the marked
improvement in overall image quality (including specifically SNR and
spatial resolution) from 1984 to 2020, with both images acquired at low
field, owing to interval technologic advances.

FIGURE 2. Time-of-flight MRA, which was developed for clinical use at
1.5 T relatively late in the history of MR, performs well at 0.55 T. Thick
axial maximum intensity projection reformats are presented from
multislab 3D acquisitions at (A) 0.55 T and (B) 1.5 T in the same normal
volunteer. Voxel dimensions were 0.5� 0.5� 0.5 mm3 in each instance,
with approximate scan times of 6 versus 5 minutes. The more distal
arterial branches are not depicted as well at 0.55 T because of the lower
SNR (and CNR) at this field strength.
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ADDRESSING LOW-FIELD MR TODAY
The question arises as to what new opportunities exist for mak-

ing MR accessible to a broader patient population,14 or simply just
more cost efficient.15 The development of high field was motivated
by the promise of increased SNR and, thus, spatial resolution (in the
end, image quality). However, for example, the march from 0.5 T to
1.5 T to 3 T, such as in spine imaging, only led to a change in slice thick-
ness for routine scans from 5 mm to 4 mm to 3 mm. Moreover, the dis-
cussion regarding image quality at 1.5 versus 3 T in spine imaging still
continues, owing to image degradation at 3 T on the basis of CSF mo-
tion and chemical shift issues (both through and in plane). For certain
clinical questions, slice thickness—as given in the example comparing
the utility of the 3 field strengths—can be critical. Thus, a low-field sys-
tem would need to be able to achieve this (ie, have sufficient SNR), or
the applications demanding thin section imaging should be sufficiently
small in number to allow justification of purchase of a system without
such capabilities (Fig. 3).

Along the way, in the development of 1.5 and 3 T, additional re-
search was required to navigate the new problems raised by high field,
for example, in routine T1-weighted imaging, owing to the prolonged
tissue T1s and with GRE (as well as echoplanar) techniques due to in-
creased tissue susceptibility. Higher fields also led to increased SAR
and—noted previously—cost, together with greater concern regarding
patient safety. Today, 1.5 and 3 T are seen as clinical standards, with
the first clinical 7 T systems available in 2017, while imaging at low
field (0.5–0.6 T) has largely disappeared. The specifications and infra-
structure requirements of MR systems today have also grown substan-
tially and made MR inherently one of the most expensive modalities in
radiology, limiting patient access and utilization.

In light of the economic pressure on health care systems world-
wide, it seemsworth revisiting as well the following questions: is it pos-
sible to reduce the cost of the most expensive part of anMR system, the
magnet, while at the same time providing excellent image quality, pos-
sibly adding new diagnostic value (eg, with interventional MR), and
makingMRmore accessible (in several meanings of the word)? Is there
a missed opportunity in the journey that clinical MR and the research
community have taken in the last 2 decades?

Intrinsic advantages for low-field systems based on the science
of MR include shorter tissue T1 and longer T2* (allowing more
time-efficient sequence acquisitions), reduced susceptibility effects, and
reduced SAR (tissue heating). The latter also leads to diminished heating
of metal devices and implants and lessens pulse sequence parameter con-
straints (eg, allowing larger tip angles and/or greater numbers of slices).
When low-field technology was last explored in the 1980s, spiral ac-
quisition, parallel imaging, and iterative reconstruction, as well as
many other current acquisition and postprocessing strategies, were not
yet invented. A new look at low-field technology today has the potential
to lead to advanced, next-generation low-field MR systems with sub-
stantially lower cost, flexible utilization, and excellent image quality.
If development of 0.5 T MR is fully explored, this could lead to a wide
range of new scanners, extending from basic systems destined for a re-
mote area or developing nations to high-end niche systems including
dedicated interventional, intraoperative, and emergency room installations.

MAGNET AND RECEIVER COIL TECHNOLOGY
Bore size is an important consideration in the design of an ad-

vanced, next-generation low-field system. Traditionally, superconducting
MR magnets had a 60-cm bore, although the original Diasonics 0.35 T
scanner (as well as an early 1.5 T GE system) had a 55-cm bore.6 Spe-
cialty units, with reduced bore size, have also been developed, such as
the Siemens Allegra—a 3 T head only scanner introduced in the early
2000s (still in use today)16—and more recently the Synaptive Medical
Evry—an innovative, new 0.5 T dedicated head unit with approval now
in Canada in 2020.17

The Magnetom Espree represented at its launch in 2004 a highly
innovative whole-bodyMR design, with the first major increase in bore
size, to 70 cm, combined with an ultrashort system length of 125 cm.
This unit went on to dominate the industry largely because of patient
comfort and the increasing weight (and thus girth) of patients in the de-
veloped world. The comparatively small amount of superconducting
wire needed for a low-field system (when compared with higher-field
systems) could potentially allow a cost-efficient design for an ultra-
wide-bore system, with bore dimensions theoretically possible in the
range of 80 to 90 cm. Along with bore size, an appropriate choice of
length of the MR unit would be important. An alternative approach,
possible in the more distant future, is the development of high-temperature
superconducting magnets for clinical MR.

Siting logistics are also a huge barrier to increasing the adoption
of MRI in many settings, including operating rooms, remote clinical
sites, and developing world clinics. Cryogen free or zero boiloff mag-
nets, with elimination of the quench pipe and small exclusion zones, of-
fer a very promising direction for the immediate future.

Substantially more affordable and accessible imaging could be
the result, ushering in for the current decade potentially increased pa-
tient comfort, improved bore access, lower system weight, combined
with lower cost and thus greater accessibility to MR diagnosis world-
wide. It should also be kept in mind that there have also been major ad-
vances since the 1980s in gradient coil and receiver coil technology that
could be applied to a next-generation low-field system. For example, in
the 1980s, receiver coils were far from optimized, with head coils both
larger in diameter and longer than needed, with radiofrequency (RF) re-
ception for body imaging provided by a coil adjacent to the body trans-
mit coil (far away from the patient), and multichannel/flexible coils still
decades away from development.

GRADIENT PERFORMANCE FOR ROUTINE CLINICAL
APPLICATIONS

After the magnet, the gradient system is the second largest cost
component of an MRI system. As with field strength, gradient perfor-
mance has continued to increase over the past decades with (almost) ev-
ery new generation ofMRI systems. Although the slew rate of gradients

FIGURE 3. Sagittal (A) T1- and (B) T2-weighted 2D fast spin echo scans at
0.55 T of the lumbar spine, with (inset) the axial T2-weighted scan also
presented. The slice thickness in each instancewas 4mm. Scan timeswere
4 minutes, 4 minutes 31 seconds, and 3 minutes 24 seconds. There is
disk dessication at L2–3 and L3–4, with a small right paracentral annular
tear seen on the T2-weighted scans at L3–4.
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for whole-body systems already reached the physiological limits of stimu-
lation a few years ago, higher and higher gradient amplitudes are being
brought to themarket, allowing for research applications like diffusion ten-
sor imaging with very high resolution. On the downside, manufacturing
costs, complexity, and raised requirements regarding connection values,
increasing power consumption, and cooling requirements are to be noted.

Somewhat analogous to modern (standard) cars, which easily
reach top speeds of 200 kilometers an hour but are restricted by speed
limits to substantially below this, it is worth revisiting when and howof-
ten peak amplitudes in gradients are actually used and really required in
daily clinical routine. Ninety-five percent of daily clinical use cases en-
compass routine brain imaging, spine imaging, musculoskeletal imag-
ing (Fig. 4), and abdominal-pelvic imaging (Fig. 5). If one accepts to
exclude some advanced use cases like diffusion tensor imaging, functional
MRI, and cardiac imaging, diffusion-weighted imaging (DWI) in oncology
and neurology is certainly the most demanding application when it comes
to gradient performance. The highest acquired b value in typical neuro and
body protocols is commonly in the range of b = 800 to 1000 s/mm2.

To achieve a certain b value, duration, interval between, and am-
plitude of gradients are the accessible factors at a given field strength.
Although the b value only scales with the square of the gradient ampli-
tude, it scales with (about) the third power of the gradient duration. Ac-
cordingly, having a substantially lower maximum gradient amplitude
will only result in a slightly longer duration of the gradient pulse to
achieve the same b value. More concretely, with a slew rate of 40 T/m/
s and an amplitude of 25 mT/m, TEs of a standard single-shot DWI pro-
tocol of the brain will be in the range of 10 to 15milliseconds longer than
with a common high-end gradient system.

Being used to imaging at higher field strength, this actually may
seem to be quite a substantial increase in TE. At low-field, however,
boundary conditions for DWI are different compared with high field,
and the balance between parameters like T2*, T2, TE, SNR, and echo
spacings is substantially changed (Fig. 6). In DWI at higher fields, we
all have been trained to make TE and echo spacing as short as possible
to minimize susceptibly artifacts and to maximize SNR. T2* decay and

susceptibility are less of an issue at lower fields, and thus, longer echo
spacing is acceptable. The SNR issue with longer TEs can be compen-
sated with lower readout bandwidths.

As illustrated with the example of DWI, the balancing of imag-
ing parameters is an optimization problem with different boundary con-
ditions at lower fields, which requires us to think outside the box. The
images in this publication are acquired with the above-mentioned gradi-
ent settings. By careful design and implementation, the potential disad-
vantages of a nontraditionally designed gradient system can be
mitigated, with resultant high image quality. Designing for lower cost
in the gradient system, as with the magnet itself, offers substantial ben-
efits in terms of broadening access to routine MRI.

IMAGE CONTRAST
T1, T2, and T2* change, with variability between tissues, at low

field when compared with 1.5 T. This offers both advantages and poten-
tial disadvantages (Fig. 7). T1 is on average shorter by a third (advanta-
geous for T1-weighted scans), T2 longer by a fourth, and T2* longer by
almost half (advantageous for both echo-planar and spiral acquisitions).
The lung is unique, where T2* is more than 3 times as long.18

FIGURE 4. A–C, Sagittal, coronal, and axial reformatted images froma 3D
proton density weighted SPACE knee acquisition at 0.55 T. Scan time
was 4minutes 9 seconds, with a slice thickness of 0.7mm. Also presented,
in (D), is a 3-mm, high in-plane spatial resolution (0.26 � 0.21 mm2),
midline 2D proton density weighted sagittal image (in the same normal
volunteer) from a 5 minute 2 second fast spin echo acquisition at 0.55
T—further depicting the anterior and posterior cruciate ligaments.

FIGURE 5. Axial respiratory triggered 2D T2-weighted images of the
liver, in a normal volunteer, obtained at (A) 0.55 T and (B) 1.5 T using a
motion insensitive, multi-shot turbo spin echo sequence. The slice
thickness was 6 mm in each case. The TR was prolonged to
5300 milliseconds at 0.55 T as compared with 3600 milliseconds at
1.5 T. Parallel imaging was used in each instance, but with a factor of
2 at the lower field strength as compared with 3 at the higher field
strength. The scan time was 4 minutes 30 seconds at 0.55 T versus
1 minute 48 seconds at 1.5 T.
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SPIRAL IMAGING (IMAGING EFFICIENCY)
The prolonged T2* at low field can be exploited for improved

signal sampling efficiency. This proves to be nearly double for both bal-
anced steady-state free precession and spin echo techniques with a spiral
out acquisition (when compared with a typical Cartesian acquisition).19

The end result is an increase in SNR, which varies both by tissue and
technique (GRE vs spin echo) but in each instance is near double.18 By
theory, SNR scales linearly with magnetic field strength, although the ac-
tual achieved SNR improvement is often lower. Thus, 1.5 T could offer
potentially 3 times the SNR of 0.5 T (the rationale for high field imag-
ing). Yet, as known today, the gain in SNR with field strength could be
largely counterbalanced by a 2 times SNR gain at 0.5 Towing to the im-
plementation of spiral out acquisition strategies.

SIMULTANEOUS MULTISLICE
As at higher field strengths, the simultaneous multislice (SMS)

technique may find applicability in low-field imaging. The SMS tech-
nique has been used at 1.5 and 3 T to reduce scan time and/or increase
the number of acquired slices.20 The technique has been applied in
diffusion-weighted, single-shot echoplanar imaging by reducing the
TR, and with fast spin echo scans (for proton density and T1 and T2
weighting) to provide greater anatomic coverage. At low field, SMS
could and likely will be used in a different way, to improve SNR while
maintaining scan time.

ITERATIVE DENOISING
Iterative denoising of MRI data holds great promise for im-

proved image quality for scan acquisitions with borderline SNR, for ex-
ample, when resolution is increased or acquisition time is decreased.21,22

This approach thus has particular importance for improving image qual-
ity on low-field scanners, where SNR is lower than at 1.5 or 3 T. One lim-
itation to the application of iterative denoising is the potential to render
lesions less conspicuous, for example, by the introduction of image blur.
Methods for iterative denoising must necessarily avoid blurring effects
and specifically not introduce image artifacts.22,23

Spatial varying noise limits both spatial resolution and acquisi-
tion speed with the application of multichannel coils for signal reception,

with iterative denoising able to be applied to almost all routine 2D and
3DMRI acquisitions. Complex-valued image data from scan acquisition
is exported after parallel image reconstruction and coil combination,
but before interpolation and magnitude reconstruction. Also exported
at the same time is supplementary, critical image information, specifi-
cally regarding image normalization, k-space filtering, and noise cali-
bration. The image data are then iteratively denoised by thresholding
using orthogonalwavelet transforms, with the thresholds spatially adapted
to the local noise level. After denoising, the complex-valued image data
are reimported to the standard scanner reconstruction pipeline and
magnitude images are calculated. No manual tuning of filter parame-
ters is needed, with the algorithm automatically adapting to changes in
acquisition/reconstruction settings and scan conditions. In comparison
with conventional noise suppression filters (used routinely by all MR
manufacturers), better results are achieved, owing both to the exploita-
tion of supplementary information about the acquisition, reconstruction,
and noise and by working with 3D complex-valued data. Application of
iterative denoising is anticipated to enable on the order of a 25% SNR
gain or, alternatively, a 30% reduction in scan time.

DEEP LEARNING RECONSTRUCTION
Another highly promising development, still in its infancy, is to

utilize deep neural networks either in the direct transformation of raw
data into images or to optimize the quality of otherwise nondiagnostic
images. For illustration purposes, take the simple example of a fast,
low-resolution scan acquired at low field. If a neural network is trained
with high-resolution images from the same field strength or even with
images in the same subject acquired at a higher field strength, the net-
work will establish “neural connections” to associate certain features
in the low-quality image with features in the high-quality image. After
training on a few thousand images, the network can apply its “knowl-
edge” and improve the resolution of images, a process frequently called

FIGURE 6. A comparison of 2D single-shot diffusion-weighted
echoplanar imaging (trace weighted images, B = 1000) at (A) 0.55 T
and (B) 1.5 T. The slice thickness was 5 mm and pixel dimensions were
identical. Note the mild, characteristic, image imperfections at 1.5 T,
including the image distortion anteriorly on the 1.5 T image (caused by
susceptibility effects from the frontal sinus), the mild image blurring
(seen well in comparison to the 0.55 T image), as well as the slight image
foreshortening. The scan times were 3 minutes 10 seconds versus
1minute 38 seconds with the difference largely caused by the doubling of
signal averages for the acquisition at 0.55 T as compared with 1.5 T.

FIGURE 7. A comparison of 2D fast spin echo (A, D) T1-weighted, (B, E)
T2-weighted, and (C, F) fluid-attenuated inversion recovery (FLAIR)
images of the brain obtained at (A–C) 0.55 T and (D–F) 1.5 T in a normal
volunteer. The slightly lower SNR at 0.55 T is evident for all scan
techniques. Also noted is the slightly improved T1 contrast at 0.55 T due
to the prolongation of T1 with increasing field strength. The slice
thickness was 5 mm in all instances, with in-plane spatial resolution
comparable for each field strength comparison. Scan times were (A, D)
4 minutes 16 seconds versus 1 minute 51 seconds, (B, E) 3 minutes
48 seconds versus 3 minutes 15 seconds, and (C, F) 4 minutes
30 seconds versus 4 minutes 12 seconds.

Investigative Radiology • Volume 55, Number 12, December 2020 Development of Low-Field MR Systems

© 2020 Wolters Kluwer Health, Inc. All rights reserved. www.investigativeradiology.com 751

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

www.investigativeradiology.com


super-resolution processing. Beyond such image optimization strate-
gies (image-to-image-network), deep learning may also be beneficial
to mitigate highly unpredictable artifact patterns, such as streaking in
radial imaging (k-space-to-image).

IMAGING IN HIGH-SUSCEPTIBILITY REGIONS
Susceptibility is a measure of the extent to which a substance is

magnetized when exposed to an external magnetic field. Tissues exhibit
a range of susceptibility, interfering with image quality on MR in areas
where there is a large change in susceptibility. Both geometric distortion
and signal pile up (artifactual areas of high and low signal intensity) re-
sult (Fig. 8). Susceptibility is proportional to magnetic field strength
and is thus substantially lower at low field compared with high field.
Common areas where a susceptibility effect is seen in clinical MRI,
and can interfere with clinical diagnosis, include air-tissue interfaces,
metal implants, and trabecular bone. The anatomic regions most af-
fected include the sella, internal auditory canal, optic canal, paranasal
sinuses, skull base, oral cavity, pharynx, larynx, esophagus and airways,
lungs, and bowel. A marked improvement in image quality can be ex-
pected in these areas at low field, considering the factor of susceptibility
by itself, together with the imaging of metal within the body. This may
finally open the field of lung imaging for MR, which theoretically of-
fers high clinical value because of its soft tissue contrast. Low-field
MR could offer markedly improved imaging of parenchymal lung dis-
ease, for example, cystic fibrosis, as has been shown in early clinical im-
ages from an advanced-generation, high-performance 0.55 T system.18

One major advantage to lung imaging with MR, particularly in the pedi-
atric population but as well in any chronic disease requiring repeated im-
aging, would be the elimination of x-ray radiation—specifically the high
radiation dose over the patient's lifetime due to repeated CTexaminations.

ACOUSTIC NOISE
Theory predicts and experimental results have confirmed that

doubling of the magnetic field produces an increase of 6 dB(L) in
acoustic noise power generated by the gradient coils.24 It should be
noted that dB is a logarithmic scale. Normal conversation is at about
60 dB, a vacuum cleaner is 75 dB, sounds above 85 dB are considered
harmful, and a subway is 90 to 95 dB. Evaluation of a clinical scanner
and gradient system in 2002 revealed acoustic noise to range from
77 dB at 0.5 T (with the lowest noise scan) to 98 dB at 1.5 T (with the
highest noise sequence). With all else equal, and choosing a midrange

level of sound, changing from a 1.5 to a 0.5 T MR will reduce the noise
of the gradients from that of a subway to that of a door bell.

CONTRAST MEDIA
A question that does arise for low-field MR is the efficacy of

contrast media, and specifically the gadolinium chelates within this
range of field strengths. The short answer is that this is not an issue of
concern. There are abundant data concerning the T1 relaxivity of gado-
linium chelates at lower field strengths, published in the early years of
development of clinical MR. Indeed, the clinical trials required for reg-
ulatory approval of the gadolinium chelates were largely performed in-
cluding low-field systems.

A brief history of the early development of contrast media for
MR is included in the 2 paragraphs that follow, focusing on data ob-
tained during that time at fields strengths below 1 T. Shown at the
1984 American Society of Neuroradiology meeting25 were the first im-
ages demonstrating the efficacy of a gadolinium chelate (the class of
contrast media used today for MR), these being acquired at 0.5 T. Also
established was the efficacy of the agent across a broad range of field
strengths, from 0.15 T on the low end to 1.5 T on the high end.

The approval of the first agent in the United States, gado-
pentetate dimeglumine (Magnevist), used in the research previously de-
scribed, was based on phase II studies that were conducted at 4 early
MR sites—Dallas, Huntington Beach, Nashville, and San Francisco.
Three of the MR units operated at a field strength of 0.35 T, and 1 at
a field strength of 0.5 T.26 The approval of Gd HP-DO3A (ProHance)
followed, as the second MR contrast agent in the United States and
the first macrocyclic agent, with patients studied on scanners ranging
in field strength from 0.2 to 1.5 T.27 That the agents are effective across
a wide range of field strengths was demonstrated in these early studies,
confirming that the use of gadolinium chelates will not be an issue in
the introduction of new, advanced-design low-field MR scanners. Ded-
icated in vitro relaxivity studies also support this conclusion, with no
statistically significant difference noted in T1 relaxivity between 0.5
and 1.5 T in the 2005 study by Rohrer et al28 and in a second study pub-
lished in 2015 that included 3 and 7 T.29 Indeed, in the former study,
there was a tendency toward higher relaxivity (specifically T1 contrast
effect) at 0.5 T for the gadolinium chelates, as confirmed in 2006 by
proton relaxometry.30 This is, regardless, counteracted by the prolonga-
tion of T1 with increasing field strength.31

INTERVENTIONAL MR
RF heating is a potential concern withMR, and in particular with

interventional MR and catheterization. Many factors influence heating,
although it is dominated by (scaling with) the operating field strength
(and more specifically the corresponding Larmor frequency). Low field
thus offers a major advantage over high and ultrahigh fields. Many of
the currently available cardiac catheterization devices were recently
identified as being candidates for use at low field, owing to the observa-
tion of less than 1°C of heating during 2 minutes of continuous imag-
ing.18 Improved bore access would also be markedly advantageous
for an interventional system, which could be provided by a further in-
crease in bore dimensions over the current 70 cm open-bore systems.

The lower price of a low-field system (including the system it-
self, installation, and service/cryogens) wouldmake more practical ded-
icated installations for interventional work in radiology and cardiology.
Patient monitoring would be eased by the lower field strength, owing to
fewer problems caused by the interaction of the magnetic field with
monitoring equipment, reduced magnetohydrodynamic effects (induc-
tion of currents in flowing blood, eg, in the aorta), and the smaller/
closer 5 gauss line. Larger-bore dimension and lower magnetic field
together would enlarge the patient group in which an interventional
procedure could be performed, likely making possible as well interven-
tions in the most difficult patients, who need better monitoring, and

FIGURE 8. (A, C) B = 0 and (B, D) B = 1000 diffusion-weighted scans are
presented fromanormal volunteer imagedat (A, B) 0.55T and (C,D) 1.5T
with single-shot echoplanar technique. Note the marked distortion of
the globes, poor visualization of the optic nerves, and prominent
susceptibility artifact from the sphenoid sinus (which lies immediately
below the depicted imaging plane) at 1.5 T, a reflection of the increase
in magnetic susceptibility with field strength. Pulse sequence parameters
were similar between field strengths (the same as in Fig. 6), other than
signal averages (8 vs 4 at 0.55 vs 1.5 T).
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potentially including patients with active device implants (such as
pacemakers). Although a possible niche application of an advanced
generation 0.5 T system, the advantages of such an installation might
revolutionize interventional MR, leading to dedicated systems in many
departments similar to what has evolved with CT-guided procedures.32

A magnetic field lower than 1.5 Twould result, importantly, in a
reduction of susceptibility artifacts, with less artifacts from catheters
and needles. True fast imaging with steady-state free precession (FISP),
which is the work horse, pulse sequence wise, for interventional work
(used for image guidance) also performs better at lower fields. Specific
absorption rate limits will not be a constraint, as opposed to at 1.5 T.
The SNR loss can be countered by more efficient sampling and flip an-
gle adjustments. Bending artifacts will be less. For thermometry,
adapted sampling strategies (again taking advantage of the longer
T2*) will likely provide sufficient temperature to noise level and acqui-
sition speed. Overall, from every perspective, low field is advantageous
in all ways for interventional work, when compared with higher fields
such as 1.5 T.

SUMMARY
A new, next-generation low-field MR design would benefit by

the implementation of knowledge gained from the development of con-
temporary high-performance hardware used at higher fields. Image
quality, regardless of field strength, is dependent upon main field homo-
geneity (achieved with a state-of-the-art magnet design), fast shielded
gradient systems that minimize eddy currents, phased-array (multi-
channel) receiver coils, and advanced image reconstruction (including
compressed sensing, for improved SNR/scan time)—the latter using in-
expensive, readily available computation power. An advanced-design,
substantially wider bore would add a new paradigm in patient comfort,
in addition to its utility for patient monitoring, sedation, and interven-
tionalMR. Reduced acoustic noisewould also improve patient comfort,
as well as that of associated staff working in the MR environment.

Low-field MRI is also inherently more cost-effective owing to
reduced magnet, RF power amplifier (RF transmitter), and siting costs.
Installation and infrastructure (weight, size) requirements are signifi-
cantly reduced. An advanced magnet design could also eliminate the
need for helium refills and potentially the quench pipe. The reduction
in unit cost, together with the simpler installation (and greater siting flex-
ibility), has important implications for technology dissemination—both
in developed economies and in underdeveloped areas14—and access to
care. This will further accelerate dissemination of MR technology to ru-
ral and less developed areas of the world, in analogy to the current revo-
lution in ultrasound technology.33,34

And then there are specific imaging advantages to low field. The
lower susceptibility leads to improved sequence performance and, in
many anatomic areas, improved image quality. The intrinsically lower
SAR adds sequence flexibility and diminishes the difficulties and con-
cerns with metal implants and interventional techniques (the latter due
to catheters, guidewires, and needles). The lower field makes possible
advanced readout strategies, like spiral imaging, with increased SNR
per measurement time. Signal-to-noise ratio–efficient long readout
strategies can be used, with reduced image distortion and blurring.
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