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A B S T R A C T   

In this manuscript we deal with recent advances in low-field Magnetic Resonance Imaging (MRI). The devel
opment of low-cost MRI solutions allowing portability and trustable diagnosis is a hot topic worldwide by these 
days. We analyze basic technical issues of recent examples of fixed-field instruments operating at low-field. Then 
we discuss pros and cons of the pre-polarized approach, from both physical and technical perspectives. Per
manent magnet and electromagnet technology are confronted. Finally, magnetic field-cycling is introduced as an 
alternative MRI technique, where field-dependent experiments can be exploded for the development of new 
contrast mechanisms that are not feasible for fixed-field MRI instruments. As field cycled machines usually deals 
with switched currents in electromagnets, magnetic field instability and inhomogeneity are the main limiting 
factors affecting image quality. We finalize this manuscript discussing how it turns possible to overcome these 
limitations, thus opening new possibilities for the development of cost effective MRI technology.   

1. Introduction 

MRI is mainly based on three pillars: hardware, contrast mechanisms 
and data post-processing. The evolution of electronic devices and mag
netic materials allowed an important reduction of NMR instrumentation 
size and weight. Today one single chip can afford functionalities that in 
the past were distributed in several modules located in a 19” rack. Low- 
cost magnets allowed obtaining reasonable quality of images in non- 
uniform magnetic fields, while image distortions can be repaired using 
adequate post-processing correcting algorithms. No sophisticated com
puters (within the current state of the art) are required to run such 
corrections in times that are compatible with typical MRI experimental 
data acquisition times, which in turn can be reduced by using specific 
contrast mechanisms and appropriated pulse sequences. Today we know 
that a magnetic field intensity of at least 0.1 T, a field homogeneity of the 
order a few ppm (in large volumes compatible with whole-body MRI), 
and short-term magnetic field stability of the order of 0.1 ppm, do not 
represent strict requirements for MRI [1]. 

These facts have triggered in the last years an increasing interest for 
compact, portable, low-cost and efficient quality-to-cost diagnosis in
struments. A main reason stimulating this increased activity in the field 
relies in the concrete possibility to popularize the access of MRI to a 
much larger population of potential patients. However, there is also a 

silent in-progress impact in education with astonishing possibilities for 
the training of engineering, radiology and biomedical sciences students, 
basic & applied research and industrial applications. A clear indicator of 
this potentiality is the recent appearance and expansion in the market of 
several MRI-tech companies dedicated to the development of low-field 
scanners. Hyperfine introduced in the market the first low-field brain 
scanner with FDA clearance [2]. Neuro42 in USA and DeepSpin in 
Germany are also developing dedicated head MRI low-field scanners, 
and PhysioMRI is developing a dedicated version for extremities in 
Spain. 

Reducing the requirements regarding the maximum magnetic field 
intensity (B0) has a global impact on the scanner design. The fact that B0 
< 0.5T can be generated without the need of super-conducting magnets 
strongly reduces the costs (cryogenic cooling systems are not needed) 
and provides high flexibility in the magnet design. Based on this fact, in 
this manuscript we will refer to “low-field” for MRI instruments oper
ating at magnetic fields lower than 0.5 T. 

In contrast to fixed-field instruments (mainly based today on per
manent magnet arrays), we will also refer to pre-polarized technology. 
In this case, a higher magnetic field is used to boost-up the magnetiza
tion in order to gain signal-to-noise ratio (SNR) [3–6]. In the context of 
field-cycled approaches, special features of the fast field-cycling 
(FFC-MRI) technique will be mentioned. This variant offers a plenty of 
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possibilities for MRI which are forbidden or limited for fixed-field de
vices. Such possibilities arise from the fact that image construction can 
be performed after evolving or manipulating the spin system at different 
magnetic field intensities [7–11]. In these techniques, combined magnet 
technology is quite common, although the exclusive use of electro
magnet systems may turn into an attractive alternative. In such a case, 
however, not only the magnetic field homogeneity turns relevant, but 
also the magnetic field stability. A main challenging situation for pure 
switchable electromagnet MRI (pre-polarized & field-cycled) relies in 
the underlying physics and engineering for a competitive quality-cost 
equation. 

Fig. 1 resumes the evolution in the last years of the volume of pub
lications as estimated using Scholar Google with the strings {“Halbach 
+ magnet” AND “MRI”}, and {(“prepolarized” OR “field-cycling”) +
“electromagnet” + “MRI”}. Although a rough estimation, the figure 
suggests a noticeable increase in the interest for Halbach magnets in the 
last two years. As we will see later, this tendency is supported by the 
success in the development of different prototype machines that showed 
optimistic results in the production of excellent quality images. In 
addition, the progress in permanent magnet materials and tri- 
dimensional printers has simplified the assembly of powerful multi
polar magnets in shorter times. 

In this manuscript we briefly review the explored technological ap
proaches for fixed low-field MRI by addressing different critical aspects. 
Then we introduce the pre-polarized scheme as an advantage within the 
same context. Finally, the FFC method is proposed as an alternative 
technique. We show in a simple example how the presence of T1 
dispersive and non-dispersive components in the object to be imaged, 
conducts to an extremely high contrast. This result is observable by 
combining pre-polarized and non-polarized field sequences, without the 
need of any specific contrast agents. Then we focus in the main problems 
related to this technique: magnetic field inhomogeneity and magnetic 
field instability. While the first affects the image through geometrical 
deformation, the second introduces ghosting. We discuss some examples 
on how both image imperfections can be corrected. Since magnetic field 
inhomogeneity also affects images acquired with fixed-field instruments 
based on Halbach magnets, and magnetic field instability is also present 
in fixed-field electromagnets, the solutions here discussed are also 
thought for these last cases. 

2. Low-field MRI technology 

In this section we describe some essential features of low-field 
scanner designs already presented in the literature, address the most 
typical challenges and the proposed solutions. Then we introduce the 
concept of pre-polarized MRI. 

2.1. Non-cycled low-field scanners 

In this subsection, we deal with scanners operating at fixed fields 
(that is, time independent), including designs based on permanent 
magnets or electromagnets. Low-field scanners based on permanent 
magnets are currently the most popular designs. Main advantages of this 
approach are that neither magnet power supply nor the use of a dedi
cated cooling system is needed. This fact reduces the involved 
complexity in the scanner design. However, depending on the magnet 
material and temperature control system, the main magnetic field could 
present drifts around 8 ppm/min due to temperature fluctuations [12], 
or 200 ppm/◦C [13]. 

2.1.1. Multipolar magnets 
Several neodymium (NdFeB) magnets mainly based on the Halbach 

configuration [14] have recently been used for low-field scanners [13, 
15–17]. This configuration allows compact and light magnets with 
relatively small fringe fields. One of the first Halbach configurations 
used for MRI reported a B0 of 0.22 T, with a bore of 20 cm and a weight 
of 50 kg [15]. Prototypes for human brain imaging were reported with a 
B0 of 0.05 T and a weight of 75 kg [17], and 0.08 T & 122 kg [16]. 
Another instrument with 0.072 T & 250 kg was proposed for human 
extremities [13]. Typical magnetic field inhomogeneities are in the 
range from 2000 to 3000 ppm within a spherical volume of 28 cm of 
diameter, which can be used as readout gradient in some cases [16]. 

2.1.2. Bipolar magnets 
Two-pole magnets are also considered for low-field MRI [12,18–20]. 

This configuration shows better homogeneity although usually heavier 
than Halbach magnets. In brain scanners [18–20], the B0 values are 
between 0.05 T and 0.064 T, with inhomogeneities in the order of 250 
ppm within a spherical diameter of 20 cm. Magnets weights are in the 
range of 350 kg and 750 kg. Samarium-cobalt (SmCo) is often used in 
bipolar magnets due to its higher stability with temperature [19,20]. In 
addition, while SmCo is less efficient than the NdFeB in terms of mag
netic field intensity, it has a lower temperature remanence coefficient 
(SmCo 0.015%/◦C vs. NdFeB 0.125 %/◦C [20–22]). 

2.1.3. Other permanent magnets 
Single-side brain imaging (although with limited field-of-view) was 

also considered [23]. This prototype operating at 0.064 T (average field 
over the imaging region) has a weight (including magnet, gradient unit 
and RF coil) of 8.3 kg. A 2D imaging system without gradient coils is 
described in reference [24]. 

2.1.4. Electromagnets operating at fixed fields 
After the pioneering work of Lauterbur [25], Mansfield [26] and 

others, a whole-body MRI machine was developed in Aberdeen in the 
late seventies [27]. The instrument was based in a four-coil air-cored 
electromagnet operating at 0.04 T. In parallel, the development of 
another instrument was ongoing on at the Central Research Laboratories 
of Thorn-EMI (Hayes-UK), where a resistive magnet was used to get 
brain images in 1976. This project evolved with the inclusion of the first 
commercial cryogenic magnet for MRI (operating at 0.15 T), developed 
by Oxford Instruments (Oxford-UK) in 1980 (a second magnet was 
delivered to the University of California, San Francisco – USA) [28]. 
Therefore, it is worth to observe that first MRI experiments were 
carried-out with electromagnets, and they have still been successfully 
used after cryogenic and permanent magnet technologies were adopted 

Fig. 1. Evolution of scientific publications associated to Halbach magnets and 
prepolarized or field-cycling electromagnets (see text for details). A clear in
crease of publications dealing with Halbach magnets can be observed in the last 
two years. 
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[29–32]. 
Compared to permanent magnets, electromagnets need a power 

current supply and, in most cases, a cooling system (at low field, most 
prototypes operate with air [32]). However, with a proper control sys
tem in the power current supply, it is possible to minimize the drifts due 
to temperature variations. Some exemplary cases can be found in the 
literature. A B0 biplane geometry operating at 6.5 mT with an in
homogeneity of 160 ppm was used to imagine several parts of the human 
body, such as the brain and lung [33,34]. The diameter of the B0 coils is 
2.10 m, and it is inside a Faraday cage [33]. Another instrument using a 
single-side electromagnet was proposed for neonatal images [31]. It is 
based on a biplane double-donut design with an operating field of 0.023 
T and an inhomogeneity of 600 ppm. 

2.2. Challenges and solutions 

Challenges in low-field MRI engineering are not only related to the 
B0 operating regime, but also with particular constraints derived from 
the specific applications. We will firstly address limitations originated in 
the poor SNR, a common issue when dealing with low-field instruments. 
Then, we will discuss restrictions associated to B0 inhomogeneity and 
shielding, which are more challenging in portable scanners. 

2.2.1. SNR 
A main factor associated with low-field MRI is the loss of SNR with 

the B0 field intensity. The SNR is approximately proportional to B0
x, with 

an exponent x within the range 1.65–1.7 [35,36]. For example, if 
x=1.65 the resulting SNR for a 0.05 T scanner is 860 times smaller than 
the SNR for a 3 T scanner. Two simple solutions to mitigate this disad
vantage are i) increase the size of the image pixels (the SNR increases 
linearly with the pixel volume) and ii) signal averaging (the SNR in
creases with the square root of the number of averages). These facts 
explain why the images acquired at low fields usually have lower res
olution and longer acquisition times than those obtained in conventional 
scanners operating at 1.5 T or 3 T. However, these simple solutions 
attempt against the image quality and usefulness of the approach. These 
undesirable consequences have inspired several acquisition and 
post-processing methods developed to increase the resolution [37,38] 
and minimize the acquisition times [39,40]. 

A clear advantage of low-field instruments relies in the possibility of 
using more complex pulse sequences. As the specific absorption rate 
(SAR) is proportional to B0

2, radio-frequency (RF) power deposition in 
the sample is much lower at low-fields. In fact, it is possible to imple
ment pulse sequences with flip angles of 180◦ to maximize the signal 
refocusing. For example, 3D balanced steady-state free precession se
quences can be used to maximize the SNR per unit of time [34,40–42]. 
Another factor that plays in favor is the fact that T1 contrast between 
certain tissues tends to increase at low fields. For example, the maximum 
contrast between white and gray matter occurs at 0.25 T [43]. Worth to 
mention is the fact that specific contrast agents based on 
super-paramagnetic iron oxide nanoparticles [44–46] or hyperpolar
ization [33,47,48] can substantially increase the low-field sensitivity. 

2.2.2. B0 inhomogeneity 
B0 inhomogeneity depends on the magnet geometry. Halbach mag

nets show values usually>2000 ppm [13,16,17]. The main consequence 
of B0 inhomogeneity is a position-dependent spin dephasing, thus pro
voking image distortion. Dephasing by static magnetic field in
homogeneity is a reversible phenomenon, and consequently it can be 
compensated using adequate pulse sequences and data post-processing. 
Fast spin-echo or rapid imaging with refocusing echo (RARE) [49] se
quences [13,16,17] are commonly used in this context. Despite the fact 
that spin-echo sequences are less affected by the inhomogeneity than 
gradient-echo sequences, the images still show distortions that need to 
be corrected. Recently, two post-processing methods were proposed to 
minimize distortions in images acquired under high inhomogeneities 

[50,51]. These methods proposed the acquisition of two images from 
which the inhomogeneity map can be calculated, and then use this in
formation for correction. 

2.2.3. Shielding 
A main problem for portable scanners relies in the fact that the 

human body operates as an antenna, a tricky situation if the instrument 
is operating in the absence of a shielded room. One of the most popular 
strategies is the use of metallic clothes as passive shielding [12,13,17]. 
However, while this approach showed good results, it can be quite un
comfortable for the patient. Other strategies use pick-up coils and sen
sors that monitors the noise during the image acquisition, and later use 
this information to remove noise from the images [20,52]. 

2.3. Pre-polarized MRI 

In this approach, a higher magnetic field BP is used to boost-up the 
magnetization, and then the system is settled to a lower field BA where 
the MRI sequence and signal acquisition is performed [3–6]. The po
larization field is usually of the order of 0.5 T (or lower). The fact that 
BP>BA increases the final SNR if compared to an experiment performed 
at a fixed field BA. In particular, if the polarization-field pulse is applied 
long enough to saturate the magnetization, the SNR can be expressed as 
[53]: 

SNR ≈ BPε
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σQVSωA

KBTΔω

√

. (1) 

In this equation ε represents the reciprocal noise level of the receiver, 
σ the filling factor, Q is the quality factor of the coil, Vs the sample 
volume, KB the Boltzman constant, T the temperature, ωA = γ BA (Larmor 
frequency at which the signal acquisition is performed), and Δω the 
receiver bandwidth. As ωA is proportional to BA, we can conclude that 
the SNR is approximately linear with BP, and proportional to the square 
root of BA [8,54]. Therefore, while for a pre-polarized scanner with BP =

0.5 T and BA = 0.05 T the SNR should be approximately 86 times smaller 
than for a 3 T scanner, it would still represent an increment of 10 times 
compared with the SNR of a fixed-field scanner operating at 0.05 T. That 
is, pre-polarizing decreases the losses of SNR while keeping the advan
tage of detecting at low field (low SAR, favorable relaxometry proper
ties, high sensitivity and low susceptibility). 

Pre-polarized systems usually have two different magnets, one to 
generate BP and the other magnet for BA. Usually, an electromagnet is 
used to generate the polarization field and another magnet, either per
manent, resistive, or even the earth magnetic field, for the acquisition 
[6,8]. A pre-polarized scanner using a combination of two permanent 
magnets, settled in a rotary arrangement to change between polarization 
and acquisition modes is described in [55]. The fact that two different 
magnets are normally used makes pre-polarized systems more complex. 
In addition, to reach polarization fields higher than 0.1 T with electro
magnets, it is necessary to implement cooling systems based on water or 
other fluids [4,6,8], thus hindering their portability. Nonetheless, as the 
requirements for homogeneity and stability for generators of polarizing 
field are minimal, their construction is greatly simplified. 

3. Fast field-cycling MRI 

From the previous sections, we may conclude that low-field tech
nology represents an important opportunity to introduce low-cost MRI- 
based diagnosis in the health system. However, we had also remarked 
some intrinsic difficulties, like images acquired with higher noise level, 
and with severe geometrical distortions due to magnetic field in
homogeneity. The use of magnetic fields with higher intensity and ho
mogeneity may compensate such limitations but at an increased cost 
[56,57]. In addition, the use of higher magnetic fields severely affects 
the portability and introduces a more complex risk management [58]. 
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The suboptimal T1 contrast can be conveniently skipped by cycling the 
magnetic field between different values. This practice allows the 
spin-system to evolve at lower magnetic field intensities of the order (or 
lower) than 0.01 T. In contrast with the pre-polarized version as pre
sented in Section 2.3., here we may switch-up the magnetic field to a 
convenient value were signal acquisition can be performed after a period 
during which, the spin system has evolved or been manipulated using 
proper physical interactions, or under the action of specific chemicals. 

The suboptimal T1 contrast at fixed-field MRI can be conveniently 
replaced by T1 relaxation dispersion contrast, a possibility that is only 
available within a field-cycled scheme. Fig. 2 shows how T1 at a Larmor 
frequency of 2 MHz may be quite insensitive to discriminate different 
tissues, while a contrast parameter based on T1 dispersion can show a 
better performance. In this case ΔT1 is defined as T1(10 MHz) – T1(10 
kHz). 

Cycling of the magnetic field is a well-known ruse to perform NMR 
experiments at field intensities where spin polarization would be 
negligible at fixed-field conditions. In the last years, the field-cycling 
technology has evolved from simple T1 (or R1 = 1/T1) relaxometry ex
periments (relaxation dispersion curves) in a variety of samples [54, 
60–64], to more sophisticated experiments involving double-resonances 
with quadrupolar nuclei or electrons [36,65,66], FFC-MRI [3,7–10,67] 
or FFC-MRI relaxometry [45,68–70]. Fig. 3 shows a pre-polarized and 
non-polarized pulse sequences recently used for FFC-MRI. Usually, the 
detection field is the same for both sequences. This maximizes the SNR 
while operating at a fixed RF frequency. 

FFC experiments require a fast switching of the magnetic field. The 
use of a single air-cored electromagnet is commonly considered for the 
design of these instruments [54,70,71–76]. The electromagnet is fed by 
a current source, which defines the time-stability of the magnetic field. 
Here, the image acquisition may be severely distorted due to both the 
magnetic field inhomogeneity and its short-term instability [10,51,68, 
69,73]. Systems combining different magnet technologies are not 
affected by short-term instability, as far as the electromagnet is only 
used for pre-polarizing the spin-system. Iron-based electromagnets can 
also be considered for field-cycled applications [70]. Magnets cored 
with high magnetic permeability materials allows strongly reducing the 
needed current for a given magnetic field intensity [77]. In these cases, 
the power reduction may be important. 

Field-cycling allows to image samples that may evolve at different 
magnetic field values. This fact represent an important technical 
advantage that is absent in fixed-field scanners. Fig. 4 shows an example 

of images acquired with a FFC-MRI relaxometer at different field in
tensities. The sample consists of two horizontal tubes filled with an 
aqueous solution (AS) of deionized water with copper sulfate and two 
vertical tubes of Polydimethylsiloxane (PDMS). The graph in the bottom 
middle of the figure shows the dispersive curves of both compounds. The 
image A was acquired at a low relaxation field with a pre-polarized 
sequence. Under these conditions, the PDMS component relaxes 
completely during the relaxation field, resulting in an image where only 
the signal contribution comes from the AS. The image C of the figure was 
acquired with a non-polarized sequence, at a relaxation field where both 
components have the same T1. Therefore, the image C is weighted 
mainly by proton density. Finally, the image B is the difference between 
the images C and A, resulting in an image with principal signal contri
bution from the PDMS. 

As another example of the opportunities that field-cycling offers, we 
may mention the possibility to profit the nuclear-quadrupole interaction 
as a potential source of contrast or even as a biomarker [67,79–81]. 
Similar situations are feasible using other interactions, double reso
nances or exploiting the possibility to manipulate the spin-system a low 
or zero-field [7,68,70,82,83]. All this background offers still unexplored 
possibilities for the design of new biomarkers and contrast agents that 
are not feasible in a fixed-field scheme. 

The academic growing interest in the field is represented in Fig. 5. 
The figure shows 3 curves representing the growing interest of: low-field 
MRI (permanent magnets), portable MRI and both FFC & prepolarized. 
Data were collected using Scholar Google and searching by trienniums 
the total number of published papers under the strings (“low-field MRI” 
AND “permanent magnet”), “portable MRI” and (“FFC MRI” OR “Pre
polarized MRI”). Results show that until 2012 all the tendencies were 
similar. However, in the last years, the interest in permanent magnet 
solutions increased. Some of these include pre-polarized technology. 
Noteworthy, portability started to be a trending topic in 2016, showing 
an increased activity in the last triennium. 

4. Challenges and opportunities for the field-cycled technology 

Low-field & low-cost scanners will not replace the standard MRI 
infrastructure used today at important health centers. However, loca
tions that are far away from such main centers, may access to a basic or 
preliminary diagnosis using low-cost instrumentation. Even in heath 
centers located in big cities, low-cost instrumentation can be used to 
routinely screening or certain cases that do not justifies the use of a high- 
field superconducting magnet scanner. In addition, portability is 
welcomed if the instrument can be moved on wheels, or even fixed in an 
adequate transportation. 

From these speculative assumptions, we may potentially identify 
four different categories of low-field instruments:  

I Non-cryogenic, but devised for a fixed installation in a dedicated 
room. Weight & size are not a limiting factor.  

II Compact & benchtop approach. Easy to reinstall, but not 
portable. Weight and size starts to be a limiting factor.  

III Intended for operative conditions installed on a vehicle for 
transportation. Weight, size and power management are impor
tant points.  

IV Compact & fully portable. Light and easy to move. Weight, size 
and power management are critic. 

In the current state of the art, field cycled solutions can be realisti
cally considered for cases I and II, and with a moderate engineering 
effort, even for case III. The evolution of electromagnet technology, 
power electronics and batteries, will surely allow solutions for case IV in 
a short time. 

In this section we will discuss in more detail relevant aspects to 
confront when dealing with electromagnet-based field-cycling 
instruments. 

Fig. 2. Differences between T1 measured at a Larmor frequency of 2 MHz and 
ΔT1 calculated as the difference in T1 between 10 MHz and 10 kHz (murine 
tissue). In the plot both parameters are scaled by a factor 10. Original data 
acknowledged to the authors of reference [59]. 
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4.1. Field-cycling MRI under high B0 magnetic field inhomogeneity 

We will briefly refer to some features related to image acquisition 

under high magnetic field inhomogeneities (>1000 ppm). We will also 
discuss some strategies to minimize image artifacts. The experiments 
here presented were performed in an MRI relaxometer of own design, 

Fig. 3. FFC-MRI pulse sequences. BP: polarizing field. BR: relaxation field. BD: detection field. τ: evolution time. The IS rectangle represents the image acquisition 
sequence. In the NP sequence, no polarization field is applied. 

Fig. 4. Images acquired at different field intensities 
with a FFC-MRI relaxometer. Bottom left: pre-polarized 
sequence used for acquiring image A. At a low field, the 
PDMS component relaxes completely, resulting in a 
contrast close to 100%. Bottom middle: dispersion 
curves of aqueous solution AS (triangles) and PDMS 
(squares) [78]. Bottom right: non-polarized sequence 
used for acquiring image C, at this field, both samples 
have the same T1 resulting in an image mainly 
weighted by proton density. Image B is the difference 
between the images C and B.   

Fig. 5. Tendencies of the volume of scientific publications dealing with low-field (permanent magnet), portable and prepolarized & field-cycled MRI. A strong 
increase in the interest for portable machines can be observed in the last triennium. 
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operating with a magnetic field inhomogeneity of 1400 ppm within a 
cylindrical volume of 35 mL [69]. This inhomogeneity is a bit lower to 
those of multipolar fixed-field magnets, which are the configurations 
with higher inhomogeneity among the different low-field designs (see 
Section 2.1.1). The magnet used in the experiments to be shown, can 
also be configured to have 300 ppm field homogeneity [76]. 

Since images were acquired under high B0-inhomogeneity condi
tions, the spin-echo sequence was adopted [84]. The image sequence is 
synchronized in two different field-cycling schemes: pre-polarized (PP) 
and non-polarized (NP), see Fig. 3. 

4.1.1. Magnetic field characterization and slice orientation 
The knowledge of the principal direction of the magnetic field in

homogeneity can be used to minimize the image degradation. A simple 
way to determine the principal direction of the inhomogeneity is to 
measure the full width half maximum (FWHM) of the Fourier transform 
of the signals acquired from a plane around different orientation [78]. 
Fig. 6 1) shows the results obtained by rotating a rectangular planar 
sample (40 × 28 × 2 mm3) along the z-axis direction (B0 direction). 
These results suggest that the main inhomogeneity has a principal di
rection in the transverse plane (x-y). Then, it is convenient to redefine 
the coordinate system aligning x with the principal inhomogeneity 
direction. 

Once the principal direction of the inhomogeneity is known, the 
distortions in 2D images can be reduced in the following ways: 

• Acquiring 2D images in a plane perpendicular to the principal in
homogeneity direction (plane y-z).  

• If images need to be acquired in the x-y or x-z plane, aligning the read 
gradient along the x direction. 

The first case minimizes the inhomogeneity within the image plane, 
while the second case takes advantage of the inhomogeneity, using its 
linear component as part of the encoding gradient. Fig. 6 2A shows an 
image acquired in the x-z plane, with the read gradient along the z di
rection, and 2C shows an image acquired in the y-z plane with the read 
gradient applied in the z direction. Both were acquired using the pre
viously mentioned rectangular phantom. Figures B and D correspond to 
transverse images acquired after changing the sample for a cylindrical 
container. 2B corresponds to an image acquired in the x-y plane, with 
the read gradient applied along they direction, while 2D shows an image 
acquired in the x-y plane with the read gradient applied in the z 
direction. 

4.1.2. Polarity inversion of the readout gradient 
Image distortions due to high magnetic field inhomogeneity can be 

corrected after acquiring two different images under slightly different 
conditions (as far as the magnetic field inhomogeneity is time inde
pendent) [50,51]. We show the results obtained by acquiring two im
ages, one of them after reversing the readout gradient [69]. Fig. 7 shows 
the images acquired with a phantom of three columns filled with 
different heights of water (doped with copper sulfate). The image i1 was 
acquired with the read gradient in opposite direction than the in
homogeneity; hence, the effective gradient is smaller. i2 was acquired 
with the read gradient in the same direction than the inhomogeneity, 
resulting in a higher effective gradient. Finally, the image i is the cor
rected image using i1 and i2. The method can also be used to estimate the 
magnetic field map, thus allowing new corrections without needing the 
acquisition of two images for every scan session. It should be noted that 
this statement is valid as far the magnetic field homogeneity is nearly the 
same for each scan. This can be a minor problem in fixed-field ther
mostatted arrays of permanent magnets. However, in some FFC mag
nets, the thermomechanical stress changes as the magnet heats-up 
during a current pulse, a topic to keep in mind when considering the 
cooling hydrodynamics and the thermal dissipation properties across the 
magnet. An excess of thermomechanical stress may modify the magnet 
geometry, and consequently, the magnetic field homogeneity map. 

4.1.3. SNR dependence on the magnet inhomogeneity 
So far, we have mentioned different strategies to minimize image 

artifacts generated by the inhomogeneity of the B0 field. However, 
image distortion is not the unique undesirable consequence for MRI 
caused by magnetic field inhomogeneity. In fact, the dephasing pro
duced by the inhomogeneity provokes signal losses that affect the total 
SNR. Therefore, higher inhomogeneities will demand a higher number 
of signal acquisitions to compensate for these losses, thus increasing the 
total scan time. 

Fig. 8 shows images acquired under different inhomogeneities with 
their respective SNR. The three images were acquired with the exact 
same parameters. 760 ppm was obtained by applying a first order shim 
(compensating the linear component of the inhomogeneity). 2600 ppm 
was obtained by moving the sample outside of the center of the magnet. 
As expected, the SNR decrease with the inhomogeneity. In addition, 
image distortion is homogeneity-dependent (the magnetic field distri
bution is different for each case). 

4.2. Field-cycling MRI under high B0 magnetic field instability 

Magnetic field instabilities represent one of the main challenges for 

Fig. 6. 1) Full width of half maximum 
(FWHM) of Fourier transform for signals 
acquired from different orientations of 
the planar sample. The inset shows the 
strong difference in the FWHM by 
rotating the sample 90◦. 2) 2D images 
acquired along different orientations. A 
and C were obtained using a rectangular 
phantom while B and D correspond to a 
cylindrical tube (see text for details). All 
images are 64 × 64 pixels and 1024 μs 
readout time. For sagittal images Gp =

(11.9 ± 0.1)mT/m, ET = 2 ms, 4 scans. 
For transversal images GP = (190.1 ±
0.1)mT/m, ET = 1 ms, 2 scans. GR 
gradient values are: GR = (31.5 ± 0.1) 
mT/m for A, GR = (60.4 ± 0.1)mT/m 
for B, GR = (42.0 ± 0.1)mT/m for C and 
GR = (82.4 ± 0.1)mT/m for D. Here Gp 
and GR stands for phase and readout 
gradients and ET for echo time.   
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FFC-MRI. As B0 is usually generated through an electromagnet, the in
stabilities are higher than in scanners based on other techniques; with 
values that can reach hundreds of ppm between acquisitions [52,69,84]. 
Moreover, a main issue in these kinds of instruments is associated with 
the current power supply and its control system, in order to allow for fast 
switching with short transients and stable acquisition fields [68]. 
Fortunately, with the computing power available today at a low cost, 
instability-induced image ghosting can be practically eliminated with 
adequate post-processing algorithms in times that are compatible with 
experimental cycles. Worth to mention, this is a critical point towards 
low-cost & field-cycled instrumentation. 

4.2.1. Instability artifact corrections 
The magnetic field instability provokes phase accumulations gener

ating image artifacts (usually manifested as ghosting) along the phase 
direction. Currently, there are two main strategies to mitigate this un
desirable effect. The first one consists in reducing the echo time (ET) in 
the pulse sequence, minimizing the undesired accumulated phase [67]. 
The second one consists in applying post-processing methods to correct 
the image artifacts along the phase direction [51,85]. Both strategies are 
complementary and can be implemented simultaneously. However, 
depending on the instability characteristics, hardware limitations, and 
the desired contrast, the reduction of the ET may not be the optimal 
solution. 

In the following, we compare both strategies as tested in our FFC- 
MRI relaxometer [69]. The magnetic field instability was settled to 
220 ppm between acquisitions. The instability was determined from the 
standard deviation of the frequency shifts of the acquired NMR signals. 
The peak value of the Fourier transform (FT) of the echo was measured 

over 50 signal samples. All the images were acquired with a spin-echo 
sequence and Cartesian acquisition. Fig. 9 shows the images acquired 
with an ET = 2 ms and ET = 5 ms, and the image with ET = 5 ms after 
post-processing correction using the method described in reference [51]. 
The image with ET = 2 ms do not show artifacts associated with the 
instability, while the image acquired with ET = 5 ms shows several ar
tifacts along the phase direction (y). After correction, the image corre
sponding to ET = 5 ms recovers practically the same quality of that 
corresponding to ET = 2 ms. Fig. 10 shows an image acquired with ET =
2 ms and its corrected version. In this particular case, the echo time of 2 
ms was not enough to acquire an image without artifacts. However, the 
post-processing method corrects most of the generated artifacts. 

Images shown in Figs. 9 and 10 are also distorted by magnetic field 
inhomogeneity. However, in this subsection we have only focused on 
ghosting cancellation due to magnetic field instability. 

5. Summary and concluding remarks 

In this manuscript we have briefly analyzed the state of the art of 
low-field MRI. A clear increasing interest in the field can be deduced 
from the literature, patents and ongoing activity at industrial environ
ment. The existence of one product in the market, and several industrial 
developments in progress, portends an optimistic panorama in a near 
future. The involved engineering has an advanced degree of maturity 
today, providing a fertile terrain for a fast growing of this, although not 
new, but revived branch of MRI. Our analysis indicates a clear tendency 
towards portability and low-cost instrumentation. 

Field-cycled solutions have already showed excellent performance in 
pre-polarized schemes. Although not yet explored, excepted category I 

Fig. 7. Images obtained by inverting the polarity of the read gradient (i1 and i2), and the corrected image i (see text for details). Image i1 was acquired with the read 
gradient oriented in the opposite direction of the inhomogeneity. Image i2 was acquired with the read gradient in the same direction than the inhomogeneity. GR =

±(21.3 ± 0.1)mT/m, Gp = (21.0 ± 0.1)mT/m, ET = 2 ms, readout time = 1024 µs, 16 scans, matrix size:64 × 64 pixels (resized to 256 × 256). 

Fig. 8. Images acquired under different magnetic field inhomogeneities. All the images were acquired with the same parameters. GR = (60.4 ± 0.1)mT/m, Gp = (73.5 
± 0.1)mT/m, ET = 1 ms, readout time = 1024 µs, 8 scans, matrix size:64 × 64 pixels. 
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(Section 4), FFC-MRI may also derive in solutions defined in the other 
categories. Perhaps, from a conservative point of view, the future of 
portable FFC-MRI scanners remains as an open possibility. In any case, 
several technological advances associated to FFC-MRI will surely be of 
advantage for pre-polarized instruments. In view of the post-processing 
capabilities that are feasible today at a low/moderate cost, a return to 
electromagnet technology as a unique magnetic field source in pre- 
polarized schemes may turn into an interesting possibility. However, a 
main challenge in this direction pertains to the success in using low-cost 
& low-weight switched-mode power supplies (SMPS), in combination 
with the inclusion of high magnetic susceptibility materials and efficient 
cooling systems. A key feature for the success of the FFC technology for 
MRI-based diagnosis remains in a variety of field-dependent experi
ments that can be implemented for the design of specific contrasts and 
biomarkers, a possibility that is more limited for fixed-field instruments. 

In the context of portability, definitely the use of magnets with poor 
homogeneity represents a key-way for reducing costs. B0 magnet gra
dients can be used for encoding, while image distortions can be miti
gated with hardware ruses and mathematical manipulation. If 
electromagnets are to be entering into play, we have shown that even 
high current stability is not needed, since ghosting can be practically 
eliminated with adequate algorithms. In this context, our FFC-MRI 
relaxometer is an excellent tool for the investigation of all these 
limiting situations. 
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