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For about 30 years, MRI set cruising speed at 1.5 T of magnetic field, with a gentle

transition toward 3 T systems. In its first 10 years of existence, there was an open

debate on the question of most relevant MRI field strengths considering the gain in T1

contrast, simpler cooling strategies, lower predisposition to generating image artifacts,

and naturally cost reduction of small footprint low field systems. At the time, the inherent

gain in sensitivity of high field, which would translate in more signal per unit time, quickly

ended this debate. The promise of rapid exams or higher image resolution within a

reasonable time won over other considerations and set the standards for MR value. Yet,

many reasons bring low field MRI in a situation quite different from 40 years ago. From

the achieved progress regarding all aspects of MRI technology, an MR scan at 1.5 T in

the mid 1980s has very little in common with the equivalent scan in 2020. That clearly

indicates that field strength alone is not what drives performance. It is also unlikely that

the total number of machines worldwide will grow so to follow the increasing demand

considering their overall cost (∼$1M/T). The natural trend is to better control medical

expenses worldwide, and reconsidering low-field MRI could lead to the democratization

of dedicated, point-of-care devices to decongest high-field clinical scanners. In the

present article, we aim to draw an extensive portrait of most recent MRI developments at

low (1–199 mT) and ultra-low field (micro-Tesla range) outside of the commercial sphere,

and we propose to discuss their potential relevance in future clinical applications. We will

cover a broad spectrum from pre-polarized MRI using ultra-sensitive magnetic sensors

up to permanent and resistive magnets in compact designs.

Keywords: MRI, low magnetic field, ultra-low field MRI, MR value, point-of-care MRI

INTRODUCTION

Low fieldMRI? The rationale behind it has been around for quite some time, traditionally perceived
as a mean to reduce cost or to provide open access to patients suffering from claustrophobia. Over
the past 30 years, scientists have supported low-field MRI on multiple occasions and brought facts
that corroborate clinical relevance [1–4]. Yet, low field MRI has not spread. Reasons that have
been invoked are diverse and have led to numerous debates. From the manufacturer point-of-
view, the current business model in MRI results in higher margins allowing to increase profit [5].
From a clinical and academic point-of-view, the quest for higher and higher spatial resolution
has led radiologists and scientists worldwide to always push toward high- and ultra-high field
MRI research, eventually dominating over all others in peer reviewed journals [6]. One sure
thing is that the statistics of MRI sales over the last two decades have certainly helped closing
that debate. Nowadays high-field MRI sales (B0 ≥ 1.5 T) represent about 85% of the market
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FIGURE 1 | T2-weighted MR brain images acquired at 1.5 T in (A) 1986.

Image reused, with permission, from Zimmerman et al. [8] and (B) 2009

(authors’ database).

size in Europe and North America [7]. One of the main
misconceptions is that low-field MRI translates into poor image
resolution, often associated with poor image quality. It is
important, as scientists, to state that this concept is purely and
simply wrong. Magnetic field strength has by no means ever been
a limit to an achievable image resolution. A brief jump into the
early days of MRI is enough to appreciate the tremendous leap in
image quality that was made for a given field strength (Figure 1).
More recent work from Choquet et al. [9] has reported MRI of
different mouse body parts in vivo at 0.1 T (∼4.3 MHz) with
down to 100× 100× 750µm3 voxel size, more than 10 years ago
(Figure 2). Sensitivity though, and how far the signal lies above
the detection chain’s noise floor will tell about one’s capability
to achieve a given resolution in the minimum amount of time.
Hence time really is the argument at stake when considering
lower field options. Indeed, lower field strengths result in lower
bulk magnetization of nuclear spins leading in turn to a reduced
sensitivity. Assuming a fixed noise floor in the detection chain,
the decreased total magnetic moment brings themaximum signal
detectable closer to the latter and the overall signal-to-noise ratio
(SNR) drops. One main alternative to compensate for this loss
is signal averaging. It is generally accepted that n averages will
produce an SNR gain of

√
n. Hence time is currently the true

limit to a wide spread of low-field MRI, due to lower overall
NMR sensitivity. However, this is also a matter of perspective.
Why time considerations have become key in clinical diagnosis
has to be contextualized in the current landscape of MRI. Most
hospitals currently host one or two MRI scanners, which cost
roughly scales with magnetic field (∼$1M/T). As such MRI units
are expensive and used for the imaging of all body parts, they
are likely to represent a bottleneck in clinical workflows. Hence,
the time needed for one scan has to be short in order to scan as
many patients as possible within a day. Nowadays, no one can
afford a machine that would perform slower than the state-of-the
art because there is such a high demand for non-invasive
radiation-free diagnosis. Yet, other than applications where speed
is truly paramount such as for cardiovascular applications, or
patients with a life-threatening risk, fast imaging is only required

FIGURE 2 | MRI images of the mouse acquired at 0.1 T using a FISP

sequence and dedicated coils for the whole-body and tail. (Top) Whole body:

field-of-view (FoV) of 110mm and in plane resolution of 430 × 430 µm2. The

acquisition time was 30min for 30 slices of ∼1mm thickness. (Bottom) Tail:

field-of-view (FoV) of 6.4mm and in plane resolution of 100 × 100 µm2. The

acquisition time was 1 h 30min for 26 slices of ∼ 750 µm thickness. Images

modified, with permission, from Choquet et al. [9].

due to scanners being a low-volume/high price equipment. One
could argue that this quest for speed is not as relevant if numerous
low-field, low-cost devices were to be used (high-volume, low-
price). After all, if the price of a scanner is divided by two and
the acquisition time multiplied by two, then the cost per unit
time stays the same, and the same number of patients can be
scanned within the same time slot. Only cost for personnel would
increase. The situation in China is a good illustration of this
point: the high population density requires a higher density of
MR units, and mid-field MR units represent about 50% of the
market size [10], vs. 6% in Europe and North America [7]. As a
consequence, depending on the market ability to embrace such
a change in paradigm, that approach would naturally reduce
pressure on acquisition times. Most importantly, rather than
acquisition time or image resolution, one key aspect in the
democratization of low-field MRI resides in its value. Most likely,
if manufacturers and end users would foresee higher value in
low-field MRI solutions, there would be a straightforward path
toward mass adoption. Value though is a complex concept that
finds different resonances across populations and cultures. One
should agree on a simple description of value as being the ratio
of a benefit over a cost [11]. For low-field technology to be truly
visible and adopted, its value in MRI diagnosis would hence
need to be increased. Two approaches then allow to increase
value; 1-reduce cost, 2-increase benefits, or both at the same
time. Considering cost, the last two decades have already shown
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that relevant diagnosis can be achieved in lower-cost lower-
field devices [12–17]. Interest though, is hard to trigger if value
increases only slightly and yet no broad adoption has followed
since. For example, commercially available low-field scanners
rely on permanent magnet technology that can weigh up to
13 tons. Thus, their individual cost (that includes siting) has
never reached a point where value goes through the roof and
triggers such a cultural change. Maybe the economic pressure
on health expenses will change the current landscape with
populations worldwide aging and growing, but this has been
a long-heard argument never followed by action. Eventually,
it appears challenging to spark interest in both radiologists
and academics only by lowering cost as this is often perceived
as leading to less potent technology, except maybe when the
research is directed toward developing countries. The latter
field of research is considered a niche though, and if cost
is one key to selling in these countries, “low-cost” alone will
never replace tailor-made solutions to country-specific needs.
The alternative to increased value is then to increase benefits.
Nowadays, MRI units require specific siting from their heavy
weight and intense magnetic field strength, and shielding from
magnetic and electromagnetic disturbances. MRI systems are
known to be incompatible with most devices unless they are
specifically made MRI-compatible. Increasing accessibility by
means of a (much) lower footprint, little siting requirement,
or enhanced compatibility certainly is a path toward increased
benefits, and hence increased value. Now, what key element is
driving such heavy weights, compatibility aspects, and ultimately
the cost ofMRImachines nowadays?Magnetic field is. As a result,
low magnetic field MRI could very likely bring high value from
both decreased costs and enhanced benefits. But how low can we
go? In this manuscript, we aim to provide a fresh view on this old
debate in MRI.

SNR, THE ELEPHANT IN THE ROOM

SNR indeed, is the elephant in the room when it comes to low-
field MRI. Lower Boltzmann distribution infers lower induced
voltages in inductive detection that translates into lower signal.
A generally accepted assumption is that SNR scales with the

static magnetic field B
7
4
0 for frequencies above 5 MHz, and B

3
2
0

at low frequencies (below ∼5 MHz) [18]. One of the main
challenges for low-field MR experts is thus to compensate for the
loss in SNR per unit time inherited from the reduced magnetic
field. Recent work laid an exhaustive portrait of mid-field MRI
in the range 0.25–1T [19], pointing out the current gain of
interest for alternative solutions. Increasing SNR via magnets
that are not “too” weak certainly is an approach to preserve
signal. The latter has some merit considering the tremendous
amount of progress magnetic resonance has benefited from over
the last three decades, as illustrated in Figure 1 and in [15]. As
a result, most recent developments will translate easily in mid-
field regimes which detection physics and design considerations
are close to 1H NMR at most widely spread 1.5 T. That said, the
big difference in images obtained between the 80’s and today at
1.5 T also highlights how field strength is not a guarantee for good

image quality, and how much it has to be balanced with high
performance acquisition techniques, high sensitivity detectors,
image processing, and modern electronics all combined together.
Another comment on medium range 0.25–1 T MRI is that it
might not allow to move sufficiently far from typical constraints
found in high-field MRI. Among them, exclusive magnets made
of superconductors for fields higher than 0.5 T [19], magnet
weight, low tolerance to magnetic environments and magnetic
susceptibility effects. One should keep in mind that an interesting
approach to tame SNR is favoring regimes sufficiently different
from inductive detection passed 15 MHz, with a focus on noise
considerations. As an example, noise predominance below 5
MHz for a variety of coil sizes comes from the coil when body
noise predominance is the general rule in mainstream high-
field MRI [20]. Current acceleration methods for clinical MR
imaging such as parallel imaging are even dictated by sample
noise predominance as each coil sees coherent noise from the
sample. In the present manuscript, in order to complement
existing review work and report on the latest and most active
low and ultra-low field MRI research, the authors have narrowed
down the span of low-field MRI research considered to articles
published within the past 5 years at field < 0.2 T (< 8.5 MHz).
More specifically, the authors are reporting on work that already
have produced images (even if not yet clinically relevant or only
in phantoms), yet excluding simulated work.

HARDWARE CONSIDERATIONS

Magnets
TheMRI community shows a growing interest for small footprint
MRI technology leveraging low-magnetic fields. Worldwide, an
effort has started to spread from hardware and engineering
considerations, notably regarding magnet construction.

Permanent Magnets

One of the main clinical application envisioned for small
footprint, point-of-care MRI is neuroimaging. Many academic
sites driving this effort have opted for permanent magnet
architectures, for the most part deriving designs from recent
work making use of Halbach geometries [21]. Permanent
magnets are of particular interest because they do not require
power to produce the spin-polarizing static magnetic field B0.
Zimmerman-Cooley et al. [21] have reported on two generations
of lightweight magnets. The first generation uses the intrinsic
inhomogeneity found in Halbach magnet geometries for spatial
encoding, whereas the second version features a constant 1D
spatial encoding magnetic field gradient (SEM) superimposed
on the static magnetic field B0 [22]. In this second iteration,
2D encoding is obtained either by physically rotating the native
1D SEM around the object of interest, or by using a custom
made gradient insert avoiding physical rotation [22]. Three-
dimensional encoding is obtained from the same gradient insert,
from an additional coil arrangement in the last spatial direction.
Themagnet features a 29-cm diameter bore andweighs 122 kg for
an average B0 of 79.3 mT (3.4 MHz). Field homogeneity is 27,800
ppm (∼95 kHz) over a 20-cm diameter spherical volume (DSV).
Imaging capability is still in its infancy but several promising
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approaches are being assessed. Recent work from O’Reilly et al.
[23] similarly report on a 27-cm diameter bore Halbach array
magnet construction. The latter proposes a classic approach to
magnet design used at high-field, where the static magnetic
field homogeneity is being optimized first, and complemented
by a gradient insert featuring coils for spatial encoding in 3
dimensions. The presentedmagnet weighs∼ 75 kg for an average
magnetic field of 50.4 mT (2.15 MHz). The measured magnetic
field shows ∼2,500 ppm (∼5 kHz) homogeneity across a 20-cm
DSV. Pushing toward more compact designs, McDaniel et al.
[24] have designed and built a head-size, hemispheric magnet
consisting of an assembly of NdFeB blocks inserted into a 3D
printed former. The magnet weighs 6.3 kg with a mean B0 of
63.6 mT (2.67 MHz). Over the targeted ROI of ∼3 × 8 × 8
cm3, B0 covers a 69,200 ppm (∼190 kHz) range. The magnet
was designed with a built-in field gradient of ∼117 mT/m.
For the remaining spatial encoding directions, two single-sided,
hemispherically-shaped gradient coils were wound on the outside
of the magnet former. Further away from applications in vivo,
yet with a major emphasis on portability and democratization
of MR technology, Greer et al. [25] have presented a hand-held
MR system for 2D imaging (projection) in ∼ 9-mm diameter
objects using permanent magnets arranged in a curved single-
sided geometry. This device follows the steps of the previously
released NMR-MOUSE [26, 27]. After numerical optimization,
five NdFeB magnets are arranged so that the sample of interest is
partially enclosed by themagnet, allowing to obtain a higher B0 of
186 mT (8 MHz). The 2D field of view is 9×9 mm2 with∼58,500
ppm homogeneity (∼460 kHz) over a 5-mm depth (G0 = 2, 200
mT/m). The system features two planar gradients coils printed
on PCB. The typical pitfalls for permanent magnet constructions
rely in the magnetic field being constantly turned-on, weight,
important field inhomogeneity, and poor temperature stability.
Weight can be mitigated in purpose-built small size scanner,
yet temperature can yield several kilohertz frequency shifts
per degree caused both by environmental changes and heating
from other components of the scanner, such as gradient coils.
Strategies to regulate magnet temperature or to account for
resulting frequency drifts in imaging or post-processing pipelines
will be crucially needed in order for these technologies to
be democratized.

Electromagnets

Electromagnets are an equally relevant alternative for low-
field MRI, generally providing better field homogeneity than
permanent magnets. In terms of flexibility, they can be turned
on and off at will, and the generated field can be modulated by
varying the input current in the magnet coils. Electromagnets
operating at low field are particularly interesting as requirements
on power and cooling can be drastically reduced when their
physical footprint decreases. In recent work, Lother et al. [28]
report on low field MRI for neonatal applications by means
of a bi-planar electromagnet geometry mounted on a steel
housing. Planar gradient coils are embedded for spatial encoding
in three dimensions over a 140-mm field of view (FoV). The
magnet homogeneity over the desired FoV was measured to
be 1, 200 ppm (1,100Hz) for a static magnetic field of 23 mT

(965 kHz). The total weight of the magnet with accompanying
electronics, acquisition console, and table trolley is below 300 kg.
Sarracanie et al. [29] have reported on ultra-low field MRI at
6.5 mT (276 kHz) in a resistive magnet. Originally designed for
hyperpolarized 3He MRI in order to assess posture dependence
of lung ventilation [30], the geometry was set such that an
adult human being could stand inside the magnet. The magnet
features a bi-planar geometry with two pairs of ring coils facing
each other. The outer ring coils have a diameter of ∼2m,
with 79-cm inter-coil separation. In its original design, each
side including coil and flange weighed ∼340 kg. In its final
version, the magnet is fully open and quite compact compared
to standard clinical scanners. The magnet homogeneity was
measured to be 350 ppm (96Hz) over a 25-cm DSV. In 2015,
Galante et al. [31] demonstrated proof-of-concept of very-low
field MRI with a scaled down electromagnet compatible with
magneto-encephalography (MEG). Their electromagnet is a 23.4-
cm diameter wound-solenoid providing B0 = 8.9 mT (373 kHz)
in its center. The measured B0 homogeneity inside a 6-cm region
of interest was ∼150 ppm (57Hz). The X-Y gradient coils are
located on the inner surface of the solenoid. The Z gradient is a
compensatedMaxwell pair configuration placed outside themain
coil. With enhanced flexibility and field homogeneity that can be
key to imaging performance, electromagnet main weaknesses lie
in their need for power supplies that can quickly reach three-
phase power and the necessity for liquid cooling, of course
depending on the geometry and the field strength envisioned.
Yet, rather simple water-cooling can be used that remains more
advantageous than complex and expensive cryogenics.

Pre-polarizing Magnets

MRI in the µT range and developments for MEG compatible
systems most commonly rely on pre-polarization strategies.
In general, electromagnets are used for pre-polarization but
experimental setups with permanent magnet also exist where the
sample is shuttled from themagnet to the imaging site. Low effort
is required on the intrinsic magnetic field homogeneity of such
magnets as they only serve to boost spin magnetization before
acquisition, thus simplifying their design and production. Pre-
polarizing magnets for ULF MRI can be found to operate in a
variety of field strengths, from 11mT to 2 T [32–41], with cooling
strategies observed from 20 mT and above.

Low-Frequency Detection
With sensitivity going down from lower spin polarization,
detection is one of the key elements to consider that affects
imaging performance, from sensor design to signal amplification
and noise reduction strategies.

MRI <1 mT

One aspect of ULF NMR and MRI in the µT range focuses
on the use of high-sensitivity magnetic sensors to compensate
for the extremely weak nuclear spin polarization. To date,
the most advanced work that produced images in humans in
vivo was using SQUIDs [36, 38, 40, 42–44]. Most recent work
includes imaging from a seven-channel low-Tc SQUID based
system [38] in vivo in the human brain at 200 µT (8 kHz)
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in a magnetically shielded room (MSR). The SQUID sensors
are commercial CE2Blue (Supracon AG, Jena, Germany) with
second-order axial gradiometers including a ∼90-mm pick-up
loop diameter and baseline. In a very recent paper, Hömmen
et al. [45] have used a two-stage low-Tc SQUID sensor at∼39µT
(1,645Hz), consisting of a single front-end SQUID with double-
transformer coupling read out by a 16-SQUID array [46]. As
reported by the authors, the SQUID is housed inside a niobium
capsule to shield it from the high polarizing fields. The integrated
input coil is connected to a 2nd-order axial gradiometer with 45-
mm diameter and 120-mm overall baseline. Oyama et al. [47]
have reported on ULF MRI in rat heads that is compatible with
MEG. The sensor is a low-Tc dc SQUID with a second-order
axial-type gradiometer 15-mm diameter pickup coil installed in
a cryostat. Work from Kawagoe et al. [48] reports on the use
of a high temperature superconductor (HTS) SQUID combined
with an LC resonator to extend their detection area (by∼ ×1.5).
Their resonator is composed of a coil and a capacitor set at
1,890Hz resonance frequency. The signal is detected by the
coil inductively coupled to the HTS SQUID and immersed in
liquid nitrogen. 2D imaging is performed in a 35-mm diameter
water phantom, while the entire setup sits either in an MSR or
a compact magnetically shielded box offering ×1.3 more SNR.
Another very recent study aims at addressing short relaxation
times in oil for food contaminant inspection using an HTS
SQUID system equipped with a non-resonant flux transformer
[49]. In the latter case, the MR signal from a sample is detected
by a pickup coil and transferred to a separately located SQUID
via a superconducting input coil. With an attempt to move away
from cumbersome MSRs, Liu et al. [50] report on the use of
a static magnetic gradient tensor detection and compensation
system to stabilize temporal magnetic field fluctuations. With
this compensation, ULF MRI could be demonstrated in a 38-
mm phantom. Acquisition was performed by a low-Tc hand-
wound second-order axial gradiometer inductively coupled to
a dc SQUID. The gradiometer was located at the bottom of a
fiberglass cryostat, immersed in liquid helium. Parallel efforts
in the µT range have kept pre-polarizing strategies to boost
nuclear spin polarization, however transitioning toward simpler
technology such as atomic magnetometers or even inductive
detection to branch out from costly and impractical requirement
such as cryogenics. When this community was still very active,
images in vivo were produced in the human hand and head
[51–54]. Recent work from 2017 reports on optically pumped
atomic magnetometers (OPAM) combined with liquid cooled
pre-polarization coils [55]. Two MSRs host the OPAM and the
MRI systems separately. The OPAM sensor uses two laser beams,
respectively, the pump and probe lasers. It relies on the magneto-
optical effect which leads to the rotation of the linearly polarized
plane of the probe laser by an angle proportional to the magnetic
field it experiences. The OPAM and the MRI systems are
electrically connected by a flux transformer consisting of a second
order gradiometer as input coil with a baseline of 175mm using
solenoid coils. The OPAM module operates at 117 µT (5 kHz)
by applying a bias field of ∼25 µT (∼1,080Hz). With respect
to inductive detection, pre-polarized µT MR finds application in
the industry where it can be used to monitor water fouling [33].

In 2015, Benli et al. [32] had used the same commercial system
(Terranova,Magritek,Wellington, NewZealand) forMRI at their
local earthmagnetic field (47µT or∼2 kHz) for teaching purpose
[32]. In both work, inductive detection is made from a single
channel 84-mmdiameter solenoid tuned andmatched at∼2 kHz.

MRI From 1 mT to 199 mT

In all of most recent reported work, inductive detection was
chosen with a variety of approaches typical of higher field
MR research: separated transmit and receive, transceiver coils,
surface, or volume geometries. Diverse designs such asmulti-turn
loop coils [25], saddle coils [56], multiple-channel phased-arrays
[21], solenoids [23, 28], or custom spiral volume coils [24, 29]
were employed. In 2015, Zimmerman-Cooley and colleagues
built a 25-turn, 20-cm diameter, and 25-cm long solenoid
coil for transmit, and a 14-cm diameter multi-channel receive
array made of 8 8-cm diameter, overlapping loops [21]. The
coils were tuned and matched at 3.29 MHz. Later, Stockmann
introduced the idea of combining swept WURST RF pulse
echo trains for Transmit Array Spatial Encoding (TRASE) in
very inhomogeneous B0 fields, and was able to demonstrate
the acquisition of spatially encoded 1D profiles [57]. In 2015,
Sarracanie and colleagues designed an innovative single channel,
head-shaped, spiral volume transceiver coil for human head
imaging [29]. The resonator consisted in a 30-turn spiral coil
made of Litz wire which hemispherical shape nicely fits the
human head (height: 225mm, width: 180mm, depth: 100mm).
It was tuned and matched at 276 kHz, with a quality factor Q
= 30 corresponding to a 10-kHz bandwidth. The most recent
version of Boston’s group low-field Halbach scanner reported by
McDaniel and colleagues uses a similar single-channel helmet-
shaped transceiver solenoid with a resistively-broadened 3-dB
bandwidth of 78 kHz [58]. In their most recent compact cap
design MRI system, McDaniel et al. [24] also presented a single-
channel spiral-volume inspired transceiver coil. Wound inside a
3D printed former, a 4-turn coil made of Litz wire was resonated
at 2.67 MHz, with its 3-dB bandwidth resistively broadened to
reach 157 kHz (Q = 17). In their prototype MEG compatible
resistive system, Galante et al. [56] describe the use of two
separates coils geometrically decoupled for transmit and receive
operations at 373 kHz. Their detection coil is a 27-turn saddle coil
made of Litz wire wound on an 8-cm diameter cylinder, with a
Q of 105 and corresponding bandwidth of 3.5 kHz. The receiver
preamplifier located inside the MSR is running on battery to
mitigate potential noise from the supply line. For their neonatal
low-field system, Lother et al. [28] built a 10-cm inner diameter,
965 kHz transceiver solenoid coil. The design consisted of two
parallel Litz wire assemblies made of 45 strands each. A quality
factor Q = 95 with corresponding bandwidth BW = 10 kHz
was measured for the coil placed inside the magnet. For their
head imager, O’Reilly and colleagues used an 18-turn transceiver
solenoid (diameter: 200mm, length: 29mm)made of copper wire
at 2.15 MHz with 154-kHz bandwidth [23]. The authors also
mention the use of an RF shield placed between their RF and
gradient coils for an improved SNR of 9%. In their miniature,
hand-held MRI system, Greer and colleagues have used a planar
spiral design transceiver coil printed on two PCB layers [25]. The
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FIGURE 3 | Summary of the current landscape of low-field MR imaging in phantoms. (A) Shows the major achievements obtained at ultra-low field (micro tesla range)

in combination with SQUID detectors, and (B) the images obtained in the mT range (from 1 to 199 mT). MSR, magnetically shielded room; CMSB, compact

magnetically shielded box; Bp, polarization field; NA, number of signal averaging. Images reused with permission from Cooley et al. [21], O’Reilly et al. [23], McDaniel

et al. [24], Greer et al. [25], Lother et al. [28], Benli et al. [32], Ujihara et al. [33], Kawagoe et al. [48], Demachi et al. [49], Liu et al. [50], Hilschenz et al. [55]. Images

reused from Galante et al. [56], held under Creative Commons License CC-BY 4.0.

coil is made of 3 turns per layer with inner diameter 9mm and
outer diameter 13mm, added with a slotted shield placed over the
top to limit external interferences. The resulting altered quality
factor in presence of the shield is Q = 13.4 with corresponding
bandwidth∼600 kHz at 8 MHz Larmor frequency.

IMAGING PERFORMANCE

Phantom Studies
Imaging results in phantoms illustrate the potential of recent
technological developments, from hardware (magnetics, RF,
amplification) to software (sequence design, signal processing),
even if not mature enough to be envisioned in vivo. Figure 3
compiles all of the reported and most recent low- and ultra-low
field related work.

MRI <1 mT

When considering ULFMRI with ultra-sensitive magnetometers,
we can find more material from SQUID-based imaging as the
latter technology is more mature. The work of Demachi et al.

[49] shows pre-polarized 2D imaging (projection) at 4 kHz in
a phantom composed of water and oil. From the parameters
given it can be estimated that the minimum acquisition time was
>8min for a 2D 32 × 16 matrix interpolated to 64 × 64 in a
phantom presenting four cylindrical columns (8-mm diameter,
19-mm depth), with a minimum polarization time of 0.125 s at
Bp = 210 mT. The images displayed have extremely poor SNR.
With a similar interest in food inspection application, Kawagoe
et al. [48] show 2D imaging (projection) at ∼94 µT (∼4 kHz) in
a 35-mm diameter, 8-mm thick phantom. A non-Cartesian radial
acquisition scheme is used with 24 spokes, 512-ms acquisition
time, and 5-s pre-polarization steps at Bp = 1.1 T (the highest
reported here). The total acquisition time is not reported but
could be estimated to ∼3min for an interpolated, reconstructed
voxel size of 662 × 662 × 8, 000 µm3. Liu et al. [50] show
the feasibility of imaging without an MSR in a 30 × 38 mm2

(projection, no depth given) structured phantom at 129 µT
(5.5 kHz). From the given image parameters, it can be estimated
that the imaging time was ∼17min for their shortest phase
encoding and acquisition times with a 5-s polarization at Bp =
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650mT. Cartesian acquisition was used in a spin-echo sequence
with 31 phase-encode steps and number of average NA = 5 (no
pixel size is given). The work of Hilschenz and colleagues shows
2D imaging (projection) with an OPAM operating at 117 µT
(5 kHz) [55]. From a standard gradient echo approach following
a 3-s pre-polarization step (Bp = 65 mT) and a total of NA =
10 averages, the team imaged the cross-section of a 34 mm-
diameter bottle of di-ionized water. The given in-plane resolution
of the 2D projection is 7.4 × 8.9 mm2. SNR is not given, yet
it looks quite poor. The total imaging time is not provided
but can reasonably be expected to be above 10min for a single
projection from the parameters available. Benli [32] and Ujihara
[33] have used inductive detection at 47 µT (∼2 kHz) and a 2D
spin-echo sequence (projections) in their commercial benchtop
system. Ujihara and colleagues performed imaging in 8min 32 s
with echo times TE ranging from 200 to 800ms, TR = 4000ms,
BW = 32Hz, NA = 4, matrix size 32 × 32, FoV = 100 × 100
mm2, for a reconstructed pixel size of 3.125 × 3.125 mm2. The
pre-polarization time was 2 s at 18.8 mT. Information on SNR is
not being communicated. Benli and colleagues have shown 2D
T2-weighted images with similar matrix size, FoV, and BW, but
with TE ranging from 140 to 400ms, TR = 5 s, and 4.5 s pre-
polarization steps. The number of averages and total acquisition
times are not being communicated. The SNR appears rather poor
but is not being communicated.

MRI From 1mT to 199 mT

Sitting at constant B0 = 8.9mT static field (373 kHz), Galante and
colleagues have shown MRI compatible with MEG settings in an
MSR, but without pre-polarization [56]. Typical 3D Cartesian,
spin-echo based acquisitions were performed with 32 × 32 × 32
matrix size, TE/TR = 19/500ms, and a readout bandwidth in
the kHz range. Scans in a doped water phantom and an ex vivo
rabbit brain were acquired with 3 × 3 × 3 mm3 voxel size, NA
= 1 in 8.5min, and NA = 16 in 2.3 h, respectively. SNR of 70
is reported for NA = 1 in the phantom. SNR of 149 is reported
for NA = 16 ex vivo. A 2D spin-echo based projection was also
acquired with 32 × 32 matrix size and down to 1 × 1 × 1 mm3

voxel size in a ∼3-cm diameter, ∼10-mm high phantom filled
with doped water. The latter shows rather poor SNR but no value
is given. In their first attempt using a Halbach magnet geometry,
Zimmerman-Cooley and colleagues were using the native field
gradient from theirmagnet as amean to perform spatial encoding
[21]. The main advantage of such an approach is the simplicity
of the design that does not require additional gradient or power
electronics, thus facilitating flexibility and portability. The latter
magnetic field gradients however are maximized in the periphery
of the field of view with little or no gradient in the center,
thus providing no spatial encoding (see Figure 3B). For their
second iteration, the Boston team designed their magnet with
an embedded linear gradient across the whole FoV, allowing
spatial encoding from physically rotating the magnet around
the object (multiple projections) [22], or by the addition of a
gradient coil to modulate the latter in plane and sweep across
k-space without rotation [58]. O’Reilly et al. [23] also report on
imaging at 50.4 mT (2.15 MHz) using a custom Halbach magnet
geometry. They acquired 3D images on a phantom composed of

an avocado placed in a watermelon using a spin-echo sequence.
Image parameters consisted in a 64 × 64 × 64 matrix with
220 × 220 × 220 mm3 FoV, resulting in a voxel size of ∼3.5
× 3.5× 3.5 mm3. The acquisition bandwidth was 20 kHz, with a
TE/TR= 30/500ms, and NA= 1. The resulting acquisition time
was TA = ∼34min. Eventually, k−space data was filtered with a
Gaussian filter before Fourier transform. The SNR in the images
was reported to be ∼35. In their compact MR cap geometry,
McDaniel et al. [24] demonstrate 2D multi-slice imaging at 63.6
mT (2.67 MHz) in a 4-cm high, 6.3-cm wide structured phantom
which size matches their targeted ROI. Six slices were acquired
using a slice-interleaved RARE sequence. Acquisition matrix
was 31 × 31 for a ∼2 × 2 mm2, 6-mm deep pixel resolution.
The acquisition bandwidth was ∼54 kHz, TR = 1,000ms, echo
spacing of 3ms, and NA = 24 for a total acquisition time of
12min 40 s. Greer et al. [25] in their portable device made of
5 permanent magnets also ventured into imaging at 186 mT (8
MHz). They could show 2D imaging (1 selected slice) from a
spin-echo based sequence as described elsewhere [59]. Typical
parameters were 41 × 41 2D acquisition matrices with centric
ordering of k−space, interpolated to 256× 256 for a default slice
thickness of∼0.7mm, and a pixel resolution of 0.33× 0.33 mm2.
Reported SNR was ∼ 10 with acquisition time TA = 54min and
NA= 8. Signal intensity changes from the highly inhomogeneous
B0 are corrected by dividing each image with a reference scan.
The overall images do represent well the imaged objects, yet with
severe geometric distortions. Relying on an electromagnet design,
Lother et al. [28] have shown imaging at 23 mT (965 kHz) in
their custom compact MRI system dedicated to neonates. 2D
Spin-echo over a 5-mm thick slice is shown in a baby pineapple.
The imaging parameters of the sequence used were TE/TR =
40/400ms, FoV = 100 × 200 mm2, matrix size 64 × 128, BW
= 100Hz, and averaging NA= 32 for a total acquisition time TA
= 29min. Interpolation from zero-filling in k−space allows to
shrink the displayed pixels from ∼1.6 × 1.6 mm2 down to 0.8 ×
0.8 mm2. An SNR of 23 is reported on the displayed images.

In vivo Studies
Imaging in vivo applies to technology having reached a maturity
level where most potential issues, hardware or software, are
addressed to operate seamlessly in a living organism. The latter
hence provides a better benchmark to assess performance such as
SNR, contrast, and acquisition times in realistic objects and FoVs
for future applications, being it clinical or pre-clinical. Figure 4
compiles all of the reported most recent low- and ultra-low field
work in vivo.

MRI <1 mT

In the range under 1 mT (< 43 kHz), the most advanced
work presenting in vivo imaging in humans was obtained using
SQUIDs inside of an MSR [38]. In the latter, pre-polarized
imaging in the human head was performed at 200 µT (8 kHz),
with voxel size 2× 2.4× 15 mm3 using a 3D spin-echo sequence
that includes 4 s pre-polarization steps at Bp = 100 mT, followed
by a ∼100-ms ramp before spatial encoding starts. The total
imaging time was 67min for the acquisition a 5-slice volume.
The SNR on the 2nd slice is reported to be ∼10, yet it drops
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FIGURE 4 | Summary of the current landscape of low-field MR imaging in vivo. (A) Shows the major achievements obtained at ultra-low field (micro tesla range) in

combination with SQUID detectors, and (B) the images obtained in the mT range (from 1 to 199 mT). MSR, magnetically shielded room; CMSB, compact magnetically

shielded box; Bp, polarization field; NA, number of signal averaging. Images reused, with permission, from Espy et al. [38], Hömmen et al. [45], Oyama et al. [47],

McDaniel et al. [58]. Images reused from Sarracanie et al. [29], held under Creative Common License CC-BY 4.0.
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drastically across the acquired volume. Similar in performance,
Hömmen et al. [45] have performed pre-polarized imaging in
vivo at lower field strength∼39µT (1,645Hz) in the human brain
with 4.1 × 3.9 × 3.9 mm3 voxel size, from 35 k−steps in both
2nd and 3rd phase encoding directions. The sequence used was
a 3D gradient-echo sequence with 500-ms pre-polarization steps
at Bp = 17 mT, for a total acquisition time TA = 40min. Only
single slices are shown in 3 different orientations and SNRs are
not reported. Finally, the work of Oyama shows imaging in a rat’s
head [47] at 33 µT (1.4 kHz) using 1 s pre-polarization steps at
10.6 mT peak field, and a 3D gradient echo acquisition with 32
× 32× 8 matrix size. The total acquisition time was TA= 68min
for an 8-average scan (NA = 8) and voxel size 1.3 × 1.3 × 2.6
mm3. 2D images exhibit rather low SNR although values are not
provided (cf Figure 4A).

MRI From 1 mT to 199 mT

Sitting at the very bottom of the range (6.5 mT or 276 kHz),
Sarracanie and colleagues could show images in the living human
brain [29] by making use of high efficiency balanced steady
state free precession sequences. They report 3D 64 × 75 ×
15 acquisition matrices with voxel resolution down to 2.5 ×
3.5 × 8.5 mm3. Other parameters were TE/TR = 11/22.5ms,
number of averages NA= 30/160 and corresponding acquisition
times TA = 6/32min, using a 50% sampling rate with a variable
density Gaussian pattern. The maximum SNR was reported to
reach 15 (NA = 30) and ∼40 (NA = 160) using the latter
parameters. In the continuity of Zimmerman-Cooley’s work in
phantoms, McDaniel and colleagues reported on imaging in
the living human head at 79 mT (∼3.4 MHz) [58, 60]. Spin-
echo sequences were employed using phase encoding for the 2nd

and 3rd encoding spatial directions, along with frequency swept
RF pulses so to provide coverage of nuclear spin frequencies
over large magnetic field inhomogeneities [57]. They report 254
× 49 × 23 acquisition matrices providing 1.3 × 4.3 × 7.9
mm3 voxel size, with NA = 8, TE/TR = 148/3000ms, and
read-out bandwidth = 100 kHz, for a total acquisition time
TA = 20min. Efforts were made to passively shim the magnet
from specific trays embedded in the original design, and a
generalized reconstruction was performed and confronted to
fast Fourier transform. The generalized reconstruction performs
better than traditional Fourier, and although very encouraging,
the reconstructed images exhibits some heavy distortions, in
particular on the edges of the object where the magnetic field is
most heterogeneous (see Figure 4B).

SIDETRACKS

The authors have tried to keep the extent of the present paper
within a certain category of academic work and a specific
time period, so to depict a refreshed view on the topic while
keeping coherence for further discussion. Nonetheless, it is worth
mentioning potent initiatives on the edge of our scope as some
other contenders propose truly original approaches to MRI that
also leverage low magnetic field strengths. At field strength
≥ 0.2 T, one start to enter the realm of low-field commercial
systems less in line with the scope of the proposed overview.

With a particular focus on mobility and accessibility, Nakagomi
and colleagues have proposed a prototype, car-mounted MRI
system operating at 0.2 T (8.5 MHz) [61]. Relying on a bi-planar
permanent magnet architecture with a set of bi-planar gradient
coils for spatial encoding, the team demonstrates 2D multi-slice
imaging in the elbow within ∼1min 30 s. To the best of our
knowledge, this is the first time that a full MRI system for human
imaging is being sited in a standard, commercial vehicle. This
initiative, even at the stage of prototyping, advocates strongly
for the use of lower field technology to promote flexibility
in future mobile systems. Similarly, low static magnetic field
(0.35 T or 14.9 MHz) was successfully employed in the first CE
marked (and FDA cleared) MRI-guided radiation therapy cancer
treatment system by ViewRay (MRIdian Linac, ViewRay Inc.,
Oakwood, USA) [62]. It further demonstrates that bringing down
magnetic field is a relevant option to combine complex and
rather incompatible modalities within the same device. Balanced
steady state (b-SSFP) based MRI sequences are used that are
particularly well-suited to low-field. From an increased T2

T1
ratio,

the transverse magnetization at steady-state is increased that
promotes SNR [63], and from lower sensitivity to magnetic
field inhomogeneity, the images acquired are less prone to
typical banding artifact encountered at higher field [29]. Another
growing interest in MRI lies in the acquisition of quantified
metrics to replace the long-lasting legacy of reading shades of
gray. Field cycling relaxometry is a technique that started to
be used in NMR spectroscopy, which consists in measuring
the longitudinal relaxation rate T1 in samples at multiple field
strengths [64–67]. T2 relaxation would probably need some
deeper investigation in the low-field range, but is currently less
of interest due to little dependence with field strength [68]. T1

on the contrary is known to exhibit clear changes. Its evolution
as a function of field is not linear and hence can be used as
an extra degree of freedom to characterize tissue types, and
potentially help in the identification of new biomarkers for a
given pathology. At low field in particular, the dispersion in T1

relaxation rates is much bigger than at clinical field strength
(or higher) and moves away from that of pure water as more
and more molecular motion contribute to relaxation processes
[69]. Since it is commonly accepted that the water content of
tissue is neither tissue nor disease dependent, theMR community
probably should embrace the exploration of new paths for
diagnosis purpose. Regarding its application in MRI however,
relaxometry is not used in clinical routine due to the additional
time needed to probe the NMR signal at multiple time points.
Accounting for the multiple time points necessary, the multiple
static magnetic field strength to be investigated, and the loss of
SNR intrinsic to lower proton magnetization, it might be hard
to imagine field cycling approaches being implemented with
future clinical low field MRI systems. Despite these challenges,
a group of researchers from the University of Aberdeen has
however managed to build the first whole body Fast Field-
Cycling MRI scanner and used it for clinical molecular imaging
studies [70]. With all legal authorizations to conduct studies in
human volunteers and patients, the team has managed to provide
T1 dispersion maps in vivo in the living human breast, brain
and knee that already points toward contrasts and diagnostic
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capability unique to low field. The total duration of FFC-MRI
scans varied between 35 and 50min from positioning of the
patient to withdrawal.With a constant detection field of 0.2 T (8.5
MHz) higher than reported in this paper, the range of investigated
T1s spans nonetheless from 50 µT to 0.2 T, hence very low
field strengths.

COMMERCIAL PERSPECTIVES

If the research at very low-field strength seems to be quite
dynamic again, it is still hard to predict what will eventually
result in commercial solutions for clinical practice in the
long term. In order to add value and potentially find new
markets, it is reasonable to assume that such devices will not
be designed to compete with high-field settings, but instead
address current needs where they can be complementary and
accessible. Amongst the main avenues considered, systems to
be sited in emergency units, in the operating room or even in
the field will likely be developed for applications in neurology
or musculoskeletal disorders, where some well-defined needs
already exist (e.g. stroke diagnosis). With a permanent, bi-planar
magnet architecture operating at 64 mT (∼2.7 MHz), the first
and only contender to a commercial, accessible and mobile MRI
comes from Hyperfine (Guilford, CT, USA), an American start-
up company that just unveiled their MRI system in late 2019.
The whole MRI system and embedded electronics is mounted
on a cart with motorized wheels and can be plugged into a
standard wall outlet. It has not yet been cleared with CE approval,
but was recently granted 510(k) FDA clearance and is currently
being tested in several clinical settings on the east-coast of
the United States. With no specific need for siting and low
power requirement, it can easily be placed in the emergency
department, the neuro-intensive care or pediatric units. It
was first intended for neuro-imaging and muskulo-skeletal
applications. At a different scale, it is worth mentioning that the
main manufacturers also seem to be reconsidering their position
toward low-field MRI. In their first attempt, low-field was only
considered for open access permanent magnet based devices,
which reduced cost did not allow to increase the overall value,
mainly due to important siting requirements and disadvantaged
by overall inferior performance. To the best of our knowledge, no
commercial device is foreseen yet, but a recent publication has
communicated about one of the main manufacturers (Siemens
Healthineers, Erlangen, Germany) ramping a clinical 1.5 T (∼64
MHz) scanner down to 0.55 T (23.4 MHz) for a variety of
applications [15]. Benefiting from lower sensitivity to magnetic
susceptibility effects and enhanced contrast in the mid-field
regime, it has resulted in a series of preliminary results recently
communicated by the same group [71–74].

DISCUSSION

In this paper, a rather extensive review of the current landscape
of low to ultra-low field MRI has been listed and described.
We decided to focus on the last 5 years of development to
give a fresh view on the topic, though we encourage the reader
to learn more about older inspiring pioneer work in the field.

Indeed, very interesting research has been published especially
in the late 80s—early 90s [1, 4, 75–77], with a brief recurring
interest in the early 2000s, in particular for interventional
applications [13, 14]. The MR community is clearly entering
one of those cycles where the interest in low- and ultra-low
field MRI is raising again, and the past few years have shown a
remarkable increase of communications regarding new hardware
and imaging techniques. In this context, we try to present an
exhaustive list of approaches reflecting the current research effort,
all of which is capable of generating images at field strengths as
low as a few µT. From this “snapshot” of the current state of the
art, it is possible to take some perspective and discuss what seems
to be most relevant, at least in the short and medium term, or
what kind of technological locks would need to be addressed in
order for some approaches to work. Indeed, not all of the work
presented has a potential to translate into in vivo and further
into clinical applications, themain reason being that such settings
require simple-to-use, rugged and rather fast technologies. The
authors anticipate that pre-polarizing approaches that are quite
well-represented in low field research might have difficulties to
meet clinical needs both on the infrastructure and performance
levels. It is indeed quite striking to observe that when using pre-
polarization, often more than 95% of the examination time is
being used field cycling and not acquiring data. We can notice
that while sensitivity is already quite reduced from working
at weaker field strength, the low duty cycle on the acquisition
side is never quite compensated by a higher (even very high
[48]) pre-polarizing field or higher sensitivity sensors. One might
consider using that time to acquire and average data as a more
efficient way to increase SNR, with the added benefit of simpler
setups if field cycling is not required. In addition, the longer
readout and encoding times generally encountered added with
incompressible delays to cycle down the pre-polarization fields
also penalize signals with short lifetimes, and one may end up
only being able to probe species with long relaxation time such as
free water compartments as seen with Espy and colleagues [38]
(Figure 4A). Pre-polarization techniques are often employed for
magneto-encephalography in conjunction with high sensitivity
magnetometers but new insights for alternatives are proposed,
such as in the work from Galante [31, 56]. Imaging at thermal
equilibrium without pre-polarization seems to be the most
promising approach considering the image quality achievable
today. Permanent and resistive magnets are two good candidates
that have both pros and cons. Permanent magnet architectures
have the big advantage of requiring no power, key to the
prospect of future small footprint, accessible technology. The
achievable field homogeneity however is easily one to two orders
of magnitude worse than what can be found in resistive magnets.
As a result, strong artifacts that impede image quality can be
seen in all of the studies presented (Figures 3, 4), that are
very hard to correct. Innovative reconstruction methods will
be required to overcome this difficulty, probably moving away
from typical Fourier frameworks, and leveraging for example
deep learning approaches. If this technical challenge has not
yet been unlocked, addressing this reconstruction issue has the
potential to truly disrupt the field. Permanent magnets also
suffer from poor field stability with respect to temperature,
which certainly interrogates on their deployment in extreme
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environments without controlled temperature and humidity. On
the other hand, resistive magnet architectures provide better
field homogeneity and the ability to change the desired field
of operation or even switch it off, but at the cost of higher
power needs as well as cooling. Then, depending on the targeted
magnet size and field strength, simple cooling solutions are
foreseeable (forced air vs. water) before requiring any complex
or demanding cooling resources. Eventually, both permanent
and resistive magnet technologies are worth exploring when it
comes to low and ultra-low field imaging, keeping in mind the
requirements and constraints for the targeted applications and
corresponding working environments. A general comment in
view of the multiple attempts to build smaller magnets could be
to assess imaging capability first in a controlled setting before
construction is envisioned. That could be an efficient way to save
time on such developments, rather than empirically iterating on
complex magnet construction and later realize whether or not
imaging is feasible. Regarding field strength, it is quite interesting
to note that all the attempts to low-field imaging reported here
cover quite a broad range, and that a higher field strength does
not bring superior image quality (Figures 3, 4). Overall, the range
5–100 mT appears to be the most promising in delivering fast
imaging in vivo, at both extremities of the spectrum [24, 29].
From the latter results, we believe that the democratization
of low field MRI will not come from reaching higher fields,
but instead being able to stay low. The key is to embrace the
advantages offered by this unique regime while gathering a set of
technological solutions that maximize SNR/unit time (i.e., from
sensors, acquisition schemes) and navigate through magnetic
field inhomogeneity. Further, we believe that approaches such
as model-based MRI and deep learning will appear of upmost
relevance to navigate through poor SNR, while promoting access
to simpler hardware and hence lower cost and reduced physical
footprint. Another major and often overlooked feature of low-
field MRI deserves further discussion: contrast. It is known from
the early days of MRI that low-field strengths provide a higher
dispersion in T1 relaxation times [78] (see Figure 5) but the
latter never really was extensively explored. Many scientists may
be working with “standard” high-field commercial equipment
and completely be missing which field strength provides the
best contrast (i.e., T1, T2 dispersion) with respect to their
individual interests. An interesting change of paradigm could
be envisioned where exploratory studies would be performed in
dedicated MR systems, ramping the field in order to assess the
dispersion in relaxation rates and potentially finding the sweet
spot for maximum contrast. Eventually, future generations of
low-field MRI systems with field cycling possibilities could be
anticipated where contrast can be tuned to a specific application.
The latter is not too far away from current fast-field cycling
MRI initiatives described above in this manuscript, aimed at
uncovering T1 dispersion as an intrinsic metric of interest inMRI
diagnosis [70]. Naturally, such considerations on contrast open
new perspectives regarding diagnosis capability, yet it will also
challenge radiologists to adapt their skills in the interpretation
of images according to the field strength of operation. It may
also be in the hands of other practitioners to complement
radiologists and develop basic skills at reading images (as many

FIGURE 5 | Relative T1 contrast in human brain samples as a function of

Larmor frequency. The green dotted line shows that the relative contrast

between gray and white matter is higher when operating between 10 mT and

1.5 T (shaded blue box) and decreases dramatically at very high to ultra-high

field strengths (shaded red box). Modified, with permission, from Fischer

et al. [78].

already do), such that new class of point-of-care units truly
succeed to decongest radiology departments. Alternatively, one
may see these devices more as tools to answer simple clinical
questions, rather than a complex imaging device that belong
to the radiology department. Coming back to the title of this
paper and its question how low can we go? our experience
suggests that it is likely to be an ill-posed problem. The question
should be application-driven and address specific goals as well as
technical constraints. Let us go back in time andmake an analogy
with aerospace research. The question in the 1960s was: “what
technological leap is needed to go on the moon?” and not “what
technology should we build in order to explore the entire galaxy?”
In medical imaging, scientists and clinicians have adapted
ultrasound or X-ray-based modalities to address challenges in
different disciplines of medicine. MRI on the other hand has
been almost untouched for the last three decades and one-fits-
all scanners continue to be the main stream. As a consequence,
MRI has become a bottleneck in the hospital care chain for 50%
of the total world population, and the pecuniary burden linked to
scanner purchase, siting and maintenance makes it inaccessible
for the remaining 50% (see Figure 6). Indeed, cost is undeniably
an issue in the accessibility of MRI technology. If financial
support can always be found for a one-time purchase, it is difficult
to find resources for costly maintenance contracts or simply to
maintain infrastructure over long time periods, as infrastructure
can also be of critical importance. Examples include recurring
power outages, either because of lack of financial means in
developing countries, or in war zones. Electricity blackouts can
severely damage medical devices that will never be repaired and
pile-up in endless medical device graveyards. Leveraging low
magnetic field in scanners addressing these difficulties would
certainly open a market in such regions, very similar to what
the start-up company Pristem SA did with their robust and
low-cost X-ray system GlobalDiagnostiX (Pristem SA, Lausanne,
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FIGURE 6 | Number of MRI units per million population. Only a sample of countries are presented here in order to simply illustrate the current MRI market worldwide.

Data extracted mainly from Statistica.com, 2017 reports.

Switzerland). Accessibility is also bound to siting resources.
Standard MRI units require three separate rooms: one for
the operator, the RF and magnetically shielded examination
room, and the technical room with all the associated power
electronics. Highly populated regions, like most major cities
in Asia, often have the means to buy MRI machines, but not
to site them. Low field alternatives that do not need specific
shielding or heavy power requirements certainly would address
this challenge and again open an untouched market. For the
wealthiest half of the world population, low-field MRI dedicated
to a range or a specific application (neurology, MSK, etc.),
has the potential to decongest radiology departments and also
facilitate magnetic resonance in multi-modal settings from an
intrinsic enhanced compatibility. Sited outside of the radiology
department, such MRI units would become handy tools to
the practitioner, accessible to all disciplines and population,
and hence start to change paradigm from the historical one-
fits-all. The same approach might ultimately follow at high
and ultra-high field where the application envisioned will lead
manufacturers to offer purpose-built systems that fit the needs of
research and medical professionals. Unless one wants to address
the underlying question: how high shall we go for high-fieldMRI?

CONCLUSION

Low field MRI has regained popularity over the past few years,
reopening the debate on its relevance in the clinical setting.

With half of the world population underserved regarding MR
diagnosis, the medical community indeed strives for more
ubiquitous and accessible systems. Lowering magnetic field
strength opens new perspectives to increase MR value not only
from reduced costs, but also from enhanced outcomes, shifting
paradigm toward specific use cases and more adaptability. It
promotes new magnet geometries that have already performed

imaging in vivo in humans, and which low-footprint core
technology is no longer associated with superconductive
materials. Lower field MRI as such could diversify the current
offer to a broader range of medical applications and geographical
locations, with a wider range of contrasts to complement current
diagnostic tools. As a conclusion, we believe that it is time to go
as low as diagnostically relevant. It is the scientific and medical
communities’ responsibility to choose how low/high one should
go depending on specific applications, and to work side-by-side
with the industry to build the future of MRI diagnosis.
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