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Magnetic resonance imaging (MRI) in an ultralow magnetic field usually has poor spatial resolution com-
pared to its high-field counterpart. The concomitant field effect and low signal level are among the major
causes that limit the spatial resolution. Here, we report a novel imaging method, a zoom-in scheme, to
achieve a reasonably high spatial resolution of 0.6 mm x 0.6 mm without suffering the concomitant field
effect. This method involves multiple steps of spatial encoding with gradually increased spatial resolution
but reduced field-of-view. This method takes advantage of the mobility of ultralow-field MRI and the
large physical size of the ambient magnetic field. We also demonstrate the use of a unique gradient sole-
noid to improve the efficiency of optical detection with an atomic magnetometer. The enhanced filling
factor improved the signal level and consequently facilitated an improved spatial resolution.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Ultralow-field MRI is usually performed in a magnetic field
equal to or lower than the Earth’s magnetic field (~50 uT) [1-5].
One unique advantage and significant application of ultralow-field
MRI is the capability to image through metal because of the much
greater skin depth of low-frequency radiation. For instance, the
skin depth of 2.1-kHz electromagnetic wave, which corresponds
to the Larmor frequency of protons at 50 T, is on the order of
1cm in typical metals, whereas the skin depth is only a few
micrometers for 500-MHz radiation [6]. In addition, magnetically
heterogeneous samples can be studied in an ultralow magnetic
field because the field distortion induced by the magnetic suscep-
tibility of the sample is proportional to the magnetic field strength.
Furthermore, ultralow-field MRI offers the advantages of portabil-
ity and low cost; these advantages allow it to be employed in re-
mote areas and in developing regions.

Because of the relatively poor sensitivity of the inductive coils
in an ultralow magnetic field, an alternative detection technique
is usually used. Superconducting quantum interference devices
(SQUIDs) have been used for ultralow-field MRI by several research
groups [7-11]. Optical detection with atomic magnetometers was
later reported for ultralow-field MRI. Initially, imaging of flow
was demonstrated with a remote detection scheme [12]. Then,
Savukov et al. showed the first ultralow-field MRI of static samples
using atomic magnetometers [13]. Recently, optically detected MRI
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was used to investigate flow in porous metallic materials to show
that ultralow-field MRI is a unique technique for revealing defects
in porous metals [14]. A third alternative technique, using mag-
neto-resistive sensors, has also been successfully demonstrated
for ultralow-field MRI [15].

A major challenge for ultralow-field MRI has been poor spatial
resolution regardless of which detection technique is used. In addi-
tion to the low nuclear magnetization in an ultralow field even via
pre-polarization compared to that in a high magnetic field (>1 T),
one main reason for the poor spatial resolution is the concomitant
field effect, which imposes an upper limit on the gradient field
[16,17]. For instance, for a 10 x 10 imaging of a 1 cm x 1 cm area,
the maximum gradient field is approximately 5 pT/cm to avoid
substantial image distortion. The situation is particularly severe
under ambient conditions because the significant heterogeneity
of the magnetic field imposes a lower limit on the gradient field.
For example, the homogeneity of the ambient magnetic field in a
laboratory environment is approximately 0.1-0.2 puT/cm. This va-
lue sets a lower limit of approximately 1 uT/cm for the gradient
field. Therefore, the appropriate range for the amplitude of the gra-
dient field is small. Consequently, the spatial resolution is con-
strained. Several methods for image correction have been
proposed and have been experimentally implemented [18-20].
However, the spatial resolution for ultralow-field MRI has not
reached sub-millimeter resolution for both of the in-plane axes.

An additional issue that limits the spatial resolution of ultra-
low-field MRI is the low detection efficiency of the alternative
techniques. For optical detection with atomic magnetometers,
the atomic sensor is usually placed in the vicinity of the nuclear
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spins. The filling factor is not as optimal as that of an inductive coil,
which usually encloses the entire sample. Although the innovative
idea of using a flux transformer has been successfully demon-
strated, this method only has good sensitivity at approximately
100 kHz because it is based on Faraday induction [13,21]. Thus,
this method is not suitable for investigating metallic materials.
New configurations are needed to improve the filling factor in
ultralow magnetic fields, and this improvement will eventually
also improve the spatial resolution.

Here, we report a zoom-in imaging method that overcomes the
concomitant field effect in an ambient magnetic field. Sub-millime-
ter resolution has been obtained through the clear revelation of a
0.6 mm gap between two flow channels. Detection is achieved
with an optical magnetometer. Through the implementation of a
gradient solenoid, the filling factor, and hence, the detection effi-
ciency, is significantly improved. The resultant higher signal level
enhanced the spatial resolution.

2. Experimental methods

Fig. 1a shows the concept of the zoom-in method. Assuming a
field of view (FOV) of 10 cm x 10 cm, a 100 x 100 grid is needed
to achieve spatial resolution of 1 mm x 1 mm (Fig. 1a, left). Such
a large number of encoding steps will most likely make the maxi-
mum gradient field comparable to or larger than the ambient field,
giving that the gradient field has a lower limit determined by the
field inhomogeneity. Therefore, the concomitant field effect will
be severe. In other words, it is difficult to obtain 1 mm x 1 mm res-
olution. However, we can instead focus on one (or a few) region(s)
of interest by initially imaging a 10 x 10 grid. The significantly re-
duced number of steps will not cause the concomitant field effect.
Then, the center of the gradient stack is moved to the region of
interest. A second 10 x 10 image on the reduced field of view is
performed (Fig. 1a, right). The net result is that for the region of
interest, a high resolution of 1 mm x 1 mm is obtained and the
concomitant field effect is avoided because of the reduced field
of view.
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The zoom-in method requires two conditions. One condition is
that the gradient stack be mobile. This condition is easily satisfied
for ultralow-field MRI because the gradient coils are open, light-
weight, and use very low current; thus, the coils have high mobil-
ity. Fig. 1b shows the gradient stack mounted on a two-
dimensional translation stage. The other requirement is that the
magnetic field By be large in size, so that there is room to move
the gradient coils to obtain different FOVs and so that the move-
ment is not physically restricted by the magnet. This requirement
is easily met by the ambient magnetic field produced by the Earth.

An optical atomic magnetometer is used to detect nuclear mag-
netization with a remote detection scheme (Fig. 1c). Here, pre-
polarization is achieved with a 2-T permanent magnet. Spatial
encoding is performed in the ambient magnetic field. The encoded
nuclear spins in water flow inside the detection region, which is in-
side a multilayer magnetic shield where an atomic sensor resides.
The sensitivity of the atomic magnetometer is approximately
80 fT/(Hz)"/? for near-dc magnetic signals.

The imaging phantom is shown in Fig. 2a. The phantom consists
of two channels, both 4.0 mm in height but with different widths;
one channel is 1.9 mm wide, and the other is 1.6 mm. The gap be-
tween the channels is 0.6 mm. The overall length of the phantom is
10 mm. The translation stages, one for the x-axis and one for the z-
axis, have a movement range of 25 mm.

The pulse sequence is similar to the phase encoding sequence
used previously (Fig. 2b) [12,14]. The excitation frequency is
2.045 kHz, which corresponds to a magnetic field strength of
48 nT. The duration of the 90° pulse is 6 ms, and the gradient field
duration is 5 ms. Phase cycling is used for the second 90° pulse. The
field inhomogeneity is measured to be 0.1 uT/cm perpendicular to
By (x- and y-axes) and 0.2 puT/cm along By (z-axis). The gradient
strength AG,, was 3.5 uT/cm for the first step of the zoom-in pro-
cess. For the second encoding step, after moving the gradient stack,
AG, was 7.0 uT/cm. AG, was 3.5 puT/cm.

A gradient solenoid was used to guide the nuclear spins while
the spins flowed into the detection region inside the magnetic
shield (Fig. 3). The winding was tight at the left side, which was
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Fig. 1. Experimental details: (a) schematic of the zoom-in method. The left panel shows the ordinary imaging method with no zoom-in. The right panel shows the zoom-in
method, which consists of two 10 x 10 grids that achieve the same spatial resolution as the ordinary 100 x 100 grid, but only for a region of interest (in green); (b) the coil
stack is mounted on a two-dimensional translation stage; the orientation of the coil stack is aligned with the ambient magnetic field By; (c) scheme showing the optically
detected ultralow-field MRI of the flow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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