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Abstract

We have built an NMR system that employs a superconducting quantum interference device (SQUID) detector and operates in
measurement fields of 2-25 uT. The system uses a pre-polarizing field from 4 to 30 mT generated by simple room-temperature wire-
wound coils that are turned off during measurements. The instrument has an open geometry with samples located outside the cryostat
at room-temperature. This removes constraints on sample size and allows us to obtain signals from living tissue. We have obtained 'H
NMR spectra from a variety of samples including water, mineral oil, and a live frog. We also acquired gradient encoded free induction
decay (FID) data from a water-plastic phantom in the pT regime, from which simple projection images were reconstructed. NMR
signals from samples inside metallic containers have also been acquired. This is possible because the penetration skin depth is much
greater at the low operating frequencies of this system than for conventional systems. Advantages to ultra-low field NMR mea-
surements include lower susceptibility artifacts caused by high strength polarizing and measurement fields, and negligible line width

broadening due to measurement field inhomogeneity, reducing the burden of producing highly homogeneous fields.

© 2004 Elsevier Inc. All rights reserved.

1. Introduction

A primary thrust in clinical nuclear magnetic reso-
nance (NMR) spectroscopy and magnetic resonance
imaging (MRI) has been towards ever-higher magnetic
field strengths. This is largely motivated by the enhanced
sensitivity at high fields due to increased polarization
and increasing detection efficiency at higher frequencies.
Nevertheless, very-low field (VLF, in the mT range) and
ultra-low field (ULF, in the puT range) NMR and MRI
are areas of active interest motivated by a variety of
reasons. Cost and size of systems could be significantly
reduced [1]. VLF and ULF systems could be easily
portable and the sample need not be restricted to the
interior of a magnet bore (ex situ or “inside out” im-
aging). Low-field methods even enable imaging using the
earth’s magnetic field, ~50 uT [2], for a variety of ap-
plications including geophysical NMR measurements to
characterize subsurface water, hydrocarbon deposits, or
pollutant plumes [3-7].
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NMR spectroscopy detects the magnetic signature of
nuclear spins precessing in the measurement magnetic
field at the characteristic Larmor frequency, wr. In a
conventional system this signature is measured by Far-
aday detection in wire coils in a resonant circuit, where
the induced voltage signal scales with wy. Thus at low
fields (and correspondingly low ) signals become in-
creasingly difficult to measure with conventional detec-
tors. The superconducting quantum interference device
(SQUID) is a magnetic flux-to-voltage converter of ex-
quisite sensitivity with a response that is independent of
frequency. For this reason, a number of low-field NMR
systems have employed SQUID sensors at measurement
fields below 10mT, (e.g., [8-17]) using both high-Tc
(liquid nitrogen cooled) and low-Tc (liquid helium
cooled) SQUIDs. Low-Tc SQUIDs provide higher sen-
sitivity (due primarily to lower thermal noise) and
greater reliability and robustness than presently avail-
able in high-Tc devices.

Measurement fields do not have to be highly homo-
geneous to achieve narrow NMR line widths at ULF.
Moreover for a fixed relative homogeneity the NMR
line width scales linearly with the strength of the
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measurement field allowing the possibility of very nar-
row NMR lines with high signal-to-noise at ULF [11].
Susceptibility artifacts caused by coupling between the
applied magnetic field and different sample materials
broaden resonance lines at high fields but are signifi-
cantly reduced at ULF. The absence of such artifacts
may provide opportunities for novel forms of functional
imaging at ULF. For example, we recently demon-
strated the feasibility of magnetic resonance measure-
ments with simultaneous magnetoencephalography
(MEG), using the same detectors [18]. In addition, it
may be possible to manipulate 77 contrast at low field
strength to provide significant contrast not realized at
high fields. All of these effects combine to offer the
possibility that NMR at low fields may provide a
regime of high sensitivity and resolution, with unique
applications.

2. Experimental set-up

A schematic diagram and details of the experimental
set-up are shown in Fig. 1. The system used a low-Tc
SQUID coupled to a superconducting second-order
axial gradiometer as the detector. This detector is a
typical design used in biomagnetic measurements [19].
The sample was pre-polarized in a magnetic field, B, of
4-30mT [1,11], while the measurement field, By,, was ~3
orders of magnitude lower, between 2 and 25uT. Op-
eration at less than the earth’s magnetic field was
achieved by use of passive magnetic shielding [20] and
by adjusting the measurement field to offset residual
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Fig. 1. Schematic diagram of the system developed for room-temper-
ature U'T NMR. The dewar is a fiberglass liquid helium SHE BMD-5
model. The system uses a low-Tc SQUID with 2 ud,/\/Hz noise
connected to an axial superconducting second-order gradiometer.
Gradiometer diameter is 14 mm and baseline is 50 mm. The pre-po-
larizing field, By, is provided by two 80 mm diameter coils, separated
by ~60 mm, with 250 turns each. The coils are positioned around the
tail of the cryostat co-axial to the gradiometer and adjusted to mini-
mize pick-up. A square Helmholtz coil of length 56 cm provides the
measurement field, By, orthogonal to Bj,.

environmental fields. Passive shielding allows a wide
range of measuring fields (and thus frequencies) from
above to below the earth’s magnetic field, and reduces
the ambient magnetic noise detected by the SQUID
sensors. B, was generated by two coils positioned co-
axial to the gradiometer and positioned such that the
superposition of the fields from the two coils minimized
the pre-polarization field coupling to the gradiometer.
By was generated orthogonal to B, by a square Helm-
holtz coil set. Gradient fields were generated along the
direction of B, by unbalancing the Helmholtz coils
when measurements requiring a gradient were per-
formed. It should be noted that we also were able to
obtain free induction decays (FIDs) with the pre-po-
larizing field located perpendicular to both the gradi-
ometer’s axis and measurement field.

Samples were pre-polarized in B, for a time greater
than 7} while the SQUID electronics were effectively
turned off. The measurement field B, was present
continuously. At time ¢ =0, B, was switched off in
0.5ms, after which the SQUID electronics were acti-
vated, and the precession signal about B, was mea-
sured. A dead time associated with SQUID recovery
and dewar magnetization, the latter depending on the
magnitude of B,, was observed to be ~2ms; small
compared to 77 and 7> times for the samples. The spin
precession signals were directly digitized at these low
frequencies (100-1000 Hz) making heterodyne detection
unnecessary.

The signal-to-noise (SNR) measured for a water
sample at 10mT B, and 10 uT By, was ~1 in a 100 Hz
bandwidth and was enhanced through averaging. An-
other important strategy for SNR improvement is
through the use of higher B, fields. A factor of 10-20
enhancement should be straightforward for some
applications.

3. Results

Free induction decay signals and spectra for the 'H
signal were obtained from a number of samples at wp
from 90 to 1000 Hz. We consistently observed a differ-
ence in the apparent 7] relaxation rate as a function of
the magnitude of B,,. While a systematic investigation of
the 77 dependence on B, must be completed, similar
observations have been previously reported (e.g., [21])
suggesting the possibility of 77 contrast imaging, for
example by optimizing B, and By,.

Fig. 2 shows the FIDs and spectra for the 'H signal
from water and a live frog taken at ~10 uT. As indicated
in Fig. 1, our samples are in the open, ~1 cm from the
sensor coils. We present epoch-averaged data, however
signals were visible in a 10 Hz bandwidth (SNR>1) even
for a single epoch. The 77 measured for the frog was
600ms at 20 mT pre-polarization field.
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Fig. 2. (A) FIDs and (B) spectra for the 'H signal from water and a live frog with B, = 20mT and By, = 10 uT. The average over ~100 epochs is shown.

At the high frequencies characteristic of conventional
high field MR imaging, neither the applied RF field nor
the NMR signal produced by the sample can penetrate
even a thin conductive shell because of the small skin
depth. For example, at a 1T field (proton wp = 42.6
MHz) the penetration skin depth for copper is 10 um, as
compared to 10mm at 1 uT (wp = 42.6 Hz). This effect
limits the utility of magnetic resonance of samples in
metallic shells. The constraint is relaxed by performing
NMR at ULF. Fig. 3 shows the FID and spectra for
water taken inside a 2 mm thick copper canister at ~2 uT
(oL = 87.9 Hz). An example of the utility of such mea-
surements is to food science, where conventional high
field NMR has already become a powerful tool for the
detection of moisture content, sugar content, adultera-
tion, bacterial spoilage, etc. (see e.g., [22]). Our methods
suggest a strategy for inspecting food inside metallic
cans. We measured the 'H NMR signal from tomato
juice and cola inside unopened aluminum cans and ob-
served very different T times: cola ~1500 ms, tomato
juice ~300 ms.

Fig. 4 shows the one-dimensional gradient encoded
frequency spectrum obtained from a simple water-
plastic phantom. The phantom consisted of a plastic
cylinder with six 4 mm diameter wells arranged in a row

along the diameter (center to center distance 8 mm). All
six filled holes are clearly resolved. The change in am-
plitude for the peaks representing the wells reflects a
positional sensitivity that agrees well with our simula-
tions. For these measurements By, = 7.8 uT and the
gradient was 8 uT/m. Fig. 5A is a photograph of a
60mm diameter by 52mm high cylindrical plastic
phantom with seven 10mm diameter by 48 mm deep
wells. Four of the wells were filled with water (shown
filled with colored water for visibility). Fig. 5B illus-
trates a 2D image of the phantom constructed from a
series of gradient encoded FID spectra acquired at
various angles by rotating the sample within a fixed
measurement field. The measurement field was 7.8 uT
and the gradient was ~7puT/m. Given the small By,
field, we note that it would also be easy to rotate the
field and gradient orientation to arbitrary directions
using a fixed set of field coils and appropriately phasing
the relative current amplitudes.

4. Discussion

Imaging at fields of 1-10mT has previously been
demonstrated [10,13,14,16] and has been reported
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Fig. 3. FID and spectra for water taken inside a 2mm thick copper canister at B, = 10mT and B, ~ 2 uT (Larmor frequency 87.9 Hz). The average
over ~100 epochs is shown.
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Fig. 4. Gradient encoded NMR spectra for a water phantom consisting of a plastic cylinder with six 4 mm diameter wells arranged in a row along the
diameter (center to center distance 8 mm). B, = 10mT and By, = 7.8 uT. The gradient was 8 uT /m. The average over ~200 epochs is shown.

at 130uT [23]. To our knowledge, the phantom of the cryostat. By working at ULF, we achieved
results we present in this paper are the first MR narrow line widths that approach the natural line
images in the 10puT regime with a sample outside width.
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Fig. 5. (A) Photograph of a 60 mm diameter cylindrical plastic phan-
tom with seven 10 mm diameter wells. Four of the wells were filled with
water (pictured filled with colored water for visibility). (B) 2D image of
the phantom constructed from a series of gradient encoded FID
spectra acquired by rotating the sample within a fixed measurement
field. B, = 17mT, By, was 7.8 uT and the gradient was ~7 pT/m. The
gradient was produced by slightly unbalancing the current in the
Helmbholtz coils producing By,. The average over ~100 epochs is
shown.

A principal objective of this work was to demonstrate
the feasibility of NMR and MRI at ULF, a regime that
ultimately may have numerous applications. One such
application is simultaneous MRI and MEG measure-
ments, two techniques previously considered incompat-
ible. Simultaneous MEG and ULF MRI may alleviate
some of the difficulties imposed by the current need to
co-register separately acquired MEG and high field MRI
data [24]. We recently demonstrated simultaneous ULF
NMR and MEG [18]. Simultaneous MRI and MEG will
require imaging at the lowest fields possible to minimize
interference with MEG signal acquisition. In addition,

concurrent biomagnetic measurements and dynamic
anatomical imaging might have important advantages
for applications such as diagnostic cardiac imaging.

While spectroscopy based on chemical shift, which
scales with field strength, is unlikely to be observable at
ULF, other spectral phenomena such as J-coupling are
independent of field strength and can be observed with
significant SNR [11]. Finally, other forms of “spectros-
copy’’ such as nuclear identification based on the gyro-
magnetic ratio will be greatly facilitated by the
broadband sensitivity of SQUIDs coupled with the
nonspecific excitation provided by DC pre-polarization
and field cycling (eliminating the need for tuned RF
pulse and detection coils).

Because By, orientation is arbitrary (i.e., it is not fixed
by the large static field of the imaging magnet), gradient
design is simplified i.e., all gradients can employ designs
analogous to the z-axis gradient of a conventional im-
ager. The flexibility of choosing B, and By, orientations
may enable the design of gradient fields to minimize
parasitic gradients. Parasitic gradients will be further
reduced by the smaller gradient requirements for imag-
ing that allow larger coils, placed further from the im-
aging volume, to achieve the required gradient strengths.

Imaging of dynamic physiological processes and in
particular functional imaging of neural activity drives a
requirement for much faster imaging. While MRI at ULF
has numerous advantages, a variety of new challenges are
presented. The narrow line widths of ULF measurements
may allow us to improve imaging resolution without a
corresponding increase in gradient strength. Preliminary
data indicates that for some relevant biological matter
[23,25] at ULF T = T». In these instances the delay be-
tween successive acquisitions may be reduced. Imaging at
ULF with lower field gradients will require tighter fre-
quency resolution than for conventional high field im-
aging. This, through the Nyquist theorem, limits the
minimum acquisition time. Moreover, in this regime
natural line width becomes a factor in limiting spatial
resolution. A number of labs have explored the use of
phased arrays for detection coupled with novel image
reconstruction techniques [26,27]. We plan to apply an
existing dense-array SQUID sensor system designed for
MEG applications [28] to study alternative approaches to
increase MR imaging speed at ULF.

Another intriguing potential application of ULF MRI
would be direct imaging of the physiological currents
from muscle, heart, and brain [29,30]. This method of
directly imaging neuronal activity would not have the
inherent ambiguity associated with the inverse problem of
electromagnetic source localization from field measure-
ments on a surface. In principle, measurement of fre-
quency, phase, and/or T; effects at ULF might be used to
detect perturbations of local magnetic field due to physi-
ological currents. For neural currents in the brain, typical
sensory evoked responses measured at the surface with
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SQUIDs are in the range of 50-500 fT, while the largest
spontaneous responses associated with endogenous
rhythms such as alpha, or with epileptic activity are on the
order of 10 pT at the head surface e.g., [19]. Accounting
for the separation between source and sensors and as-
suming a dipole source, one can estimate the neural
magnetic field in situ to be in the range of 100 pT to 1 nT.
This is 3-5 orders of magnitude smaller than the mea-
surement fields used here, and 9-11 orders smaller than
typical MR imaging techniques. Signal-to-noise limita-
tion will be a significant challenge in such measurements
but can be addressed by signal averaging and other
strategies for signal-to-noise optimization. Moreover,
measurements at ULF will greatly reduce the contribu-
tion of physiological noise from cardiac and respiratory
cycles due to the paramagnetic nature of deoxyhemo-
globin.

5. Conclusions

NMR/MRI at low fields introduces a host of new
applications including true ex situ imaging, “pure J
spectroscopy’ [11], and low-cost MR instrumentation
[1,13]. With the reduction in susceptibility noise and
enhanced resolution at low fields, it is now possible to
conduct simultaneous NMR/MRI and MEG or other
biomagnetic measurements [18]. It may also be possible
to use this method for direct imaging of the magnetic
fields due to neural currents. Our work has demon-
strated basic proton spectroscopy at microtesla fields,
and extended the measurements to simple imaging with
samples located outside of the cryostat, demonstrating
that there are no fundamental limitations to prevent
anatomical or functional imaging of a human subject.
NMR inside metal containers has also been demon-
strated, something that could not be accomplished with
conventional high-field methods.
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