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ultra-low field MRI: bringing MRI 
to new arenas

pRINCIplEs OF MRI 
MRI is the tomographic implementation of the well-

established technique of nuclear magnetic resonance 
(NMR), which is based on the principle that nuclear 
particles with spin precess around the direction of an 
applied magnetic field (B) when tipped away from their 
equilibrium alignment in the field. This precession 
occurs at a certain frequency, known as the Larmor fre-
quency, ωL. For protons in water ωL/2π = 42.6 MHz/T 
(or 42.6 Hz/μT, which is more suitable for the ULF 
regime). The precession of the spins generates an oscil-
lating magnetic field, which can be detected by a sensor. 

Tomography is obtained by encoding spatial loca-
tions by magnetic field gradients in all three dimen-
sions. The gradients can be used to change the fre-
quency of the spins, or the phase of them depending 
on how they are implemented in the pulse sequence.

COMpARIsON OF ulF-MRI tO CONVENtIONAl MRI
ULF-MRI provides the ability to switch all the fields 

and gradients on and off. The field-free state makes 
ULF-MRI uniquely compatible with magnetoencepha-
lography (MEG), where miniscule magnetic fields gen-
erated by active neuronal clusters are detected by very 
sensitive magnetic field sensors. 

The requirement on field homogeneity for NMR 
linewidths scales with the absolute field and thus is 
greatly relaxed at ULF compared to the parts-per-
million requirements at high fields. The lower homoge-
neities allow open designs with simple copper-wound 
air-core coils leading to less expensive field and gradi-
ent coil-systems. 

At ULF the fields and gradients are orders of mag-
nitude smaller than in conventional systems and thus 
there is less concern about exciting nerves due to the 
switched fields and gradients through dB/dt. The spe-
cific absorption rate from resonant fields at the Larmor 
frequency is also less of a concern at these low frequen-
cies as it scales as the square of the magnetic field, B2. 

The susceptibility of tissue, which describes the 
level of magnetization when exposed to a magnetic 
field, influences MR-images. The effect scales with the 
magnitude of the magnetic field and can cause strong 
artifacts in high-field systems especially at interfaces 
between volumes with very different susceptibilities, 
such as the paranasal sinuses [1] and metal implants 
[2]. Because the effect is dependenct on the magnitude 
of the magnetic field, it is negligible at ULF and it is 
possible to acquire satisfactory images in the vicinity of 
non-ferrous metals [3]. For the same reasons, suscep-
tibility weighted imaging at ULF has not been demon-
strated and would be challenging — if at all possible. 

Relaxation time dispersion is more enhanced at 

Conventional magnetic resonance imaging (MRI) is moving toward the use of 
stronger and stronger magnetic fields with 3T, and even 7 T systems being 
increasingly used in routine clinical applications. However there is another 
branch of MRI, namely Ultra Low Field MRI (ULF-MRI) where the magnetic fields 
during readout are several orders of magnitude smaller, namely 1–100 μT.  
While conventional high-field MRI remains the gold standard  there are several 
situations such as in military emergencies or in developing countries where for 
cost and logistical reasons, conventional MRI is not practical. In such scenarios, 
ULF-MRI could provide a solution.  This article describes the basic principles and 
the potential of ULF-MRI. 
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low fields [4, 5]. This feature can be 
exploited to achieve improved image 
contrast in relaxation time-weighted 
imaging or in inversion-recovery 
sequences. Not all tissues show 
T1-contrast at high-field so gadolin-
ium-based contrast agents are com-
monly administered to enhance the 
contrast. The improved endogenous 
contrast at ULF alleviates the need for 
such contrast agents, which are con-
traindicated in some patients – such 
as those with impaired  kidney func-
tion [6]. 

sENsORs
At ultra low frequencies it is impor-

tant to detect the magnetic field and 
not the time-derivative of the field as 
with Faraday coils. Several different 
sensor types have been employed in 
ULF-MRI, such as superconducting 

quantum interference device (SQUID) 
sensors [7, 5], atomic magnetometers 
[8], and hybrid sensors [9]. SQUIDs are 
ultra-sensitive magnetic field detectors 
with a flat frequency response down to 
Hz or sub-Hz frequencies, and are the 
sensor we chose to use in our ULF sys-
tems. The SQUID-detected magnetic 
signal from the spin ensemble is thus 
proportional to only the pre-polariza-
tion field, Bp, i.e. it does not depend 
on the measurement field (precession 
frequency). 

 Table 1 lists relaxation times of the 
11 different types of tissue used in the 
Montreal Neurological Institute’s digital 
head model [10]. The relaxation times 
at 1.5 T are shown,  as are those at ULF, 
where actual, experimentally measured 
values are given wherever available; for 
other values we have used extrapola-
tions. The values of relaxation times at 

ULF are shorter and thus there is less 
time before the signal-to-noise ratio 
reaches unfavorable levels despite the 
ultra-sensitive (low-noise) detectors. 
A direct consequence of the shorter 
relaxation times is that multi-echo 
sequences such as echo-planar imaging 
(EPI) cannot be realized at ULF.

The signal-to-noise ratio (SNR) in 
ULF-MRI is proportional to the pre-
polarization field and the voxel vol-
ume, and inversely proportional to the 
magnetic field noise. Hence, we would 
like to maximize the pre-polarization 
field and minimize the magnetic field 
noise of the sensor to achieve a maxi-
mal SNR of a given voxel size. In prac-
tical terms we would like to use pre-
polarization fields of several hundred 
mT (this limit is set by the ability to 
switch off the field in a reasonable 
time), while keeping the noise below 

table 1 Physical properties of various tissues (as specified in the Montreal Neurological Institutes digital head model) in the human head. Relaxation times are shown for 
conventional and uLF magnetic fields

Figure 1. (Left) High-field MRI slice of a subject. (Right) Corresponding uLF-MRI slice with a co-registered dipole location and orientation of an auditory evoked response 
that was recorded interleaved with the MRI [17].
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1 fT/Hz1/2, and preferably reaching 0.1 
fT/Hz1/2. 

As regards imaging times, the low fre-
quencies involved in ULF lead to long 
acquisition times during each step. 

pulsE-sEQuENCEs
Many ULF pulse-sequences are copies 
of those used in high-field systems. 
The fundamental requirements for 
Fourier imaging are: 
1) to generate magnetization, 
2) to induce precession of the spins, 
3) to spatially encode the spins, 
4) to acquire the signals from the spin 
ensemble. 
A few examples of projection imaging 
have been reported, especially early on 
in the development of ULF.

With ULF it is possible to have par-
allel or perpendicular pre-polarization 
and measurement fields. The speed of 
ramping down the relatively strong 
pre-polarization field determines if 
the spins are able to follow the rota-
tion of the effective field (adiabatic 
ramp) or if they stay oriented along 
the direction of the pre-polarization 
field (non-adiabatic ramp). If the two 
fields are perpendicular and the ramp 
time is short this can be used to induce 
precession of the spins. In such a case 
no resonant pulses are used to tip 
the spins. This was essential in our 
implementation of a ULF-MRI system 
to detect liquid explosives at airport 
checkpoints [11]. With the low fre-
quencies of ULF we were able to image 
the contents of objects such as soda 
cans, which is impossible at high fields.

ApplICAtIONs
There are several potential medi-

cal imaging applications where ULF-
MRI could become a real competitor, 
although the particular design aspects 
will differ for different applications/
scenarios. Thus, a system optimized 
for one application might not be suit-
able or affordable in another applica-
tion.  A  ULF MRI system for clinical 
application in the third-world would 
need to be cheap and robust and pref-
erably easy to be deployed. 

tRAuMAtIC BRAIN INJuRy 
Traumatic brain injury (TBI) affects ~2 
million people per year in the US alone 
[12], and has high mortality rates [13]. 

High-field MRI is the gold standard for 
diagnosis of mild to moderate brain 
injury. However, high-field MRI is gen-
erally not used in emergency situations 
(emergency rooms or disaster relief), 
and remains entirely unavailable to the 
battlefield because of the issues of cost 
and safety associated with high mag-
netic fields. High-field MRI also poses 
a serious safety risk due to its abil-
ity to attract nearby metal (e.g. in the 
operating room) or within the patient 
(e.g. shrapnel wounds). For these rea-
sons, even in modern medical centers, 
Computed Tomography (CT) is widely 
used despite being much less effective 
at diagnosing mild to moderate brain 
injuries [16].
Tragically, traumatic brain injury (TBI) 
is now the “signature wound” of mili-
tary personnel wounded in wars such 
as those in Iraq and Afghanistan [14]. 
Mild to moderate cases of TBI, which 
often go completely undiagnosed, may 
play a significant factor in the rates of 
post-traumatic stress disorder PTSD 
in returning soldiers [15]. The lack of 
diagnosis (and thus effective interven-
tion) is largely due to the restricted 
access to quality diagnostics such as 
MRI. Even more patients are affected 
by non-traumatic brain injury, result-
ing from stroke, lack of oxygen, infec-
tion, or exposure to toxic substances. 

There is a significant need for rapid 
diagnosis and treatment within the 
“golden hours” to minimize complica-
tion and secondary injury. An MRI 
system for applications in battlefield 
medical imaging would need to be eas-
ily deployable and robust, although for 
military uses, the actual cost of the 
system may be less of a concern.  ULF-
MRI fulfills these criteria. 

CONClusION
A compact, low-resource ULF-MRI 
system has the potential to play a sig-
nificant role in providing deployable 
and affordable MRI diagnostics for 
use in emergency situations, especially 
those in locations with poor or com-
promised healthcare infrastructure. 
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