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Magnetic field fluctuations in our unshielded urban laboratory can reach hundreds of nT in the noisy day-
time and is only a few nT in the quiet midnight. The field fluctuation causes the Larmor frequency fL to
drift randomly for several Hz during the unshielded ultra-low field (ULF) nuclear magnetic resonance
(NMR) and magnetic resonance imaging (MRI) measurements, thus seriously spoiling the averaging effect
and causing imaging artifacts. By using an active compensation (AC) technique based on the spatial cor-
relation of the low-frequency magnetic field fluctuation, the field fluctuation can be suppressed to tens of
nT, which is a moderate situation between the noisy daytime and the quiet midnight. In this paper, the
effect of the field fluctuation on ULF MRI measurements was investigated. The 1D and 2D MRI signals of a
water phantom were measured using a second-order low-Tc superconducting quantum interference
device (SQUID) in three fluctuation cases: severe fluctuation (noisy daytime), moderate fluctuation (day-
time with AC) and minute fluctuation (quiet midnight) when different gradient fields were applied. When
the active compensation is applied or when the frequency encoding gradient field Gx reaches a suffi-
ciently strong value in our measurements, the image artifacts become invisible in all three fluctuation
cases. Therefore it is feasible to perform ULF-MRI measurements in unshielded urban environment with-
out imaging artifacts originating from magnetic fluctuations by using the active compensation technique
and/or strong gradient fields.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

In recent years there has been an increasing interest in
ultra-low field (ULF) magnetic resonance imaging (MRI) using
superconducting quantum interference devices (SQUIDs) for detec-
tion [1,2]. Compared to conventional MRI, ULF-MRI has a number
of advantages, such as imaging in the presence of metallic objects
[3] and enhanced T1 contrast [4], and enables potential applica-
tions in anatomical and functional brain imaging [5–8].

One of the major challenges in ULF-MRI is the reduced sample
magnetization, which is partially overcome by using a
pre-polarization technique [9] and introducing a sensitive sensor
such as a SQUID. Ambient environmental electromagnetic field
noise deteriorates image quality, and the magnetic field interfer-
ence including spatial inhomogeneity and temporal fluctuations
can result in image distortions. As a result, ULF-MRI measurements
are usually performed in a magnetically shielded room (MSR) [2,5–
7], or in the Earth’s magnetic field at remote outdoor locations far
from any disruption to the local field homogeneity and from
sources of ultra-low frequency noise [10].

However, the costly MSR or inconvenient outdoor operation
blocks ULF-MRI from being an applicable technique. To develop a
portable and inexpensive system without strict demands on the
operating environment becomes a priority [11]. An ULF-MRI sys-
tem was set up in the urban laboratory without any shielding.
Because the environmental gradient field in our lab was relatively
stable for hours, a static magnetic gradient tensor detection and
compensation system was designed to effectively balance the envi-
ronmental gradient field ranging between 1 and 5 lT/m [12]. An
active compensation (AC) system based on spatial correlation of
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the low-frequency magnetic field fluctuation was developed to sta-
bilize the temporal field fluctuations which may be as strong as
1 lT. With this compensation, ULF nuclear magnetic resonance
(NMR) measurements were demonstrated [13].

In this paper, the effect of the magnetic field fluctuation on
ULF-MRI measurements in the unshielded urban laboratory is inves-
tigated in detail. One-dimensional (1D) and two-dimensional (2D)
ULF-MRI measurements of a water phantom are performed with dif-
ferent gradient fields for the three cases of (1) severe fluctuations
(noisy daytime), (2) moderate fluctuations (daytime with AC), and
(3) minute fluctuations (quiet midnight). It is shown that the effect
of the magnetic field fluctuations on the quality of ULF-MRI mea-
surements reduces as the applied frequency encoding gradient field
increases or the active compensation is applied.
2. Theory

2.1. Effect of the field fluctuation on ULF-MRI

In an urban unshielded laboratory environment, the stability of
the Earth’s magnetic field is seriously impaired by environmental
disturbances such as cars, subway trains, electronics devices and
so on. The temporal change of the measurement field Bm, which
is in total 129 lT in our experiments, reaches tens or even hun-
dreds of nT and introduces a shift of the Larmor frequency
fL = (c/2p) � Bm during multiple NMR measurements, where c is
the gyromagnetic ratio and c/2p = 42.57 MHz/T for protons. This
random shift spoils the averaged results and may result in both fre-
quency and phase drift between the successive lines in k-space,
leading to artifacts in the reconstructed image [14]. Note that the
fluctuations in the other two environmental field components
(perpendicular to Bm), which have typical drift amplitudes of tens
of nT, can be ignored in the vector sum of total field strength.

In a quantitative study, the spin echo signal sn(t) of the nth
phase encoding step in the two dimensional (2D) MRI experiments
using standard Fourier imaging method can be written as:

snðtÞ ¼ e�icBmðt�TpeÞ
ZZ

qðx; zÞe�icGxxðt�TpeÞe�icGznzTpe dxdz ð1Þ

Here, q(x,z) is the sample’s proton density, Gx the frequency
encoding gradient strength, Gzn the nth phase encoding gradient
strength, x and z are the directions of frequency and phase encod-
ing, respectively. Tpe is the phase encoding time, t the evolution
time of imaging process. The time t = 0 begins at the end of the
spin-flip p pulse for spin echo generation, and its duration is
ignored.

In order to quantitatively determine the effect of the Bm field
fluctuation on an image, we assume that the Bm field varies by
DBpn during the phase encoding time Tpe and varies by DBan during
the acquisition time. The signal can be re-written as:

snðtÞ ¼ e�icðBmþDBanÞtþicðBmþDBpnÞTpe

�
ZZ

qðx; zÞe�icGxxðt�TpeÞe�icGznzTpe dxdz

¼ e�icðDBan�DBpnÞTpe e�icBmðt�TpeÞ

�
ZZ

qðx; zÞe�icGx xþDBan
Gxð Þðt�TpeÞe�icGznzTpe dxdz ð2Þ

Taking x0 = x + DBan/Gx, the signal can be expressed as:

snðtÞ ¼ e�icðDBan�DBpnÞTpe e�icBmðt�TpeÞ

�
ZZ

q x0 � DBan

Gx
; z

� �
e�icGxx0ðt�TpeÞe�icGznzTpe dx0dz ð3Þ
Comparing Eq. (3) with Eq. (1), one can notice that the Bm variation
of DBpn and DBan will cause a position shift DBan/Gx in the image
and a phase drift c(DBan � DBpn)Tpe, which will result in image arti-
facts in both the frequency encoding direction and the phase encod-
ing direction. The frequency shift DBan/Gx is inversely proportional
to Gx, therefore it decreases as the applied gradient field is
increased, and can be ignored when it is less than the image resolu-
tion Dx = p/[cGx(Ta � Tpe)], where Ta is the acquisition time which is
shortened accordingly when increasing Gx. The phase drift is pro-
portional to the product of (DBan � DBpn) and Tpe, and can be
avoided if DBpn equals DBan. In our environmental condition, Bm

variation is dominated by the low-frequency disturbance, typically
below 10 Hz. Therefore, within a single imaging step, the Bm field
remains almost constant which leads to DBan = DBpn = DBn. In the
following simulation, we will focus on discussing the frequency
shift.
2.2. Numerical simulation

2D Numerical simulations were performed with Bm = 129 lT,
corresponding to fL = 5.5 kHz, and DfL randomly varied in the range
[�2.5,2.5] Hz (DBn � ±60 nT). We assume a rectangular homoge-
neous sample with the side lengths of 40 mm and 20 mm. The
MRI images were computed using the Fourier imaging method
based on Eq. (2). Here, the integral ranges were [�20,20] mm
and [�10,10] mm for x and z, respectively. The phase encoding
time Tpe was taken to be 2 s, 1 s, 0.5 s, 0.35 s and 0.1 s for the
applied gradient field of 12, 23.5, 47, 70.5 and 235 lT/m, respec-
tively. 71 phase encoding steps were applied in all cases. Fig. 1(a)
depicts the calculated 2D images without fluctuations (I) and with
fluctuations under different gradient fields (II–IV). Fig. 1(b) shows
the corresponding signal intensities vs. the coordinate axis in fre-
quency encoding direction (horizontal axis) near the edges of
images with different gradient field strengths. The figures reveal
that the edges of the simulated images are strongly blurred by
the field fluctuation at Gx = 12 lT/m. The image artifacts in the fre-
quency encoding direction abate with increasing Gx because the
frequency shift DBn/Gx decreases. Furthermore, the image artifacts
become invisible for Gx = 235 lT/m when the frequency shift is
comparable to the image resolution Dx of 0.5 mm. Here, the num-
ber of averages was 50.
3. Methods

3.1. Instrumentation

The experimental results reported in this paper were obtained
using a SQUID-based ULF-MRI system located in an unshielded
urban laboratory environment at downtown Shanghai. The setup
including the coil system, the SQUID system, a pre-polarization
magnet pair, and a sample transport system, is schematically
shown in Fig. 2.

The coil system consists of the measurement field (Bm) coil, 3D
MRI encoding gradient coils (Gxx, Gxy and Gxz), the active compensa-
tion (AC) coils (Bc), and the excitation field (Bac) coil. Detailed infor-
mation on these coils can be found in Refs. [12,13]. The total
measurement field Bm of about 129 lT was produced by the super-
position of the field generated by the Bm coil and the horizontal
component B// of the Earth’s magnetic field whose vertical compo-
nent (B\) was compensated by a square Helmholtz coil (not shown
in Fig. 2 for simplicity). A three-axis fluxgate (Bartington,
Mag-03MSL50) was placed 3–5 m away from the center of the Bc

coil to record the environmental magnetic field, and then fed back
to a homemade electronics controller which drove the Bc coil to
generate a reversed field and to suppress the magnetic field



Fig. 1. (a) Simulated 2D MRI images of a rectangular homogeneous sample without fluctuations (I) and with fluctuations ððc=2pÞDBn 2 ½�2:5;2:5� HzÞ while Gx and
Gzmax = 12 lT/m (5 Hz/cm) (II), 23.5 lT/m (10 Hz/cm) (III), 47 lT/m (20 Hz/cm) (IV), 70.5 lT/m (30 Hz/cm) (V), and 235 lT/m (100 Hz/cm) (VI). (b) The signal intensities vs.
the coordinate axis in frequency encoding direction near one edge of the sample for different gradient field strengths.

Fig. 2. Schematic of the ULF-MRI system.
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fluctuation at the sample position [13]. The static environmental
gradient field was balanced by using the gradient tensor compen-
sation system. Its fluctuation can be ignored in the MRI experi-
ments [12].

The signal was acquired by a low-Tc hand-wound second-order
axial gradiometer (number of turns: 1-2-1, niobium wire diameter:
0.1 mm) which was inductively coupled to a dc-SQUID. The diam-
eter and the baseline of the gradiometer were 22 mm and
2 � 50 mm, respectively. The gradiometer was located at the bot-
tom of a fiberglass cryostat filled with liquid helium. The distance
between the sample and the pick-up loop of the gradiometer was
15 mm. The measured spectral noise density of the SQUID system
above 5 kHz was about 10 fT/

p
Hz.

In order to improve the signal-to-noise ratio (SNR), a 0.65 T
NdFeB permanent magnet pair was used to provide a
pre-polarization field. It was placed about 1.5 m away from the
cryostat (the measurement position). The magnets were sur-
rounded by a soft iron yoke, which guides the magnetic field lines
and reduces their leakage, to avoid field distortion at the sample
position.

A commercial electric actuator was used to automatically trans-
port the sample between the magnets gap and the SQUID sensor.



Table 1
Imaging parameters.

Gx (lT/m) Gzmax (lT/m) Nz Tpe (ms) Ta (ms)

12 12 21 365 730
23.5 23.5 21 175 350
47 47 31 105 210
70.5 70.5 31 95 190
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Details on the magnet pre-polarization and on the sample trans-
portation method in ULF-NMR/MRI measurements are given in
Refs. [15,16].

3.2. Imaging parameters

The 2D imaging procedure used in our experiments is shown in
Fig. 3. Each imaging step began with pre-polarization of the sample
in the gap of the magnets for Tp of 5 s. Then, the sample was trans-
ported to the measurement position under the cryostat within a
transportation time Ttran. of about 1.4 s. Subsequently, a p/2 excita-
tion field pulse was applied to tilt the sample magnetization M per-
pendicular to the measurement field Bm. At last, imaging was
performed according to standard 2D Fourier imaging protocol with
spin echo. The frequency encoding gradient Gx provided by the Gxy

coils shown in Fig. 2 was kept on during the measurement. Spin
precession was phase encoded by the gradient field Gz provided
by the Gxx coils depicted in Fig. 2 during time Tpe, with Gz varying
between the limiting values ±Gzmax with Nz phase encoding steps.
The spin echo was created by applying an p excitation field pulse
at the end of Tpe. The echo signal was measured during the acqui-
sition time Ta with a sampling rate of 100 kHz. The most important
imaging parameters are listed in Table 1.
4. Experimental results

4.1. Fluctuations of the environmental magnetic field

The environmental magnetic field fluctuation in our laboratory
was investigated using a fluxgate magnetometer. Fig. 4(a) shows
the horizontal component of the environmental magnetic field in
the Bm direction, measured from 8:00 PM to 8:00 AM. One can
notice that during four hours in the quiet midnight (from
0:30 AM to 4:30 AM), the field fluctuation decreased to about
±1 nT from about ±100 nT in the noisy daytime. The field fluctua-
tions in the other two directions exhibited a similar characteristic
not shown here. The Bm variation causes random shifts of fL up to
several Hz, seriously spoiling the average in case of multiple
measurements.

In order to suppress the magnetic field fluctuation, the active
compensation system based on the spatial correlation of the
low-frequency field fluctuation [13] was applied. Fig. 4(b) shows
the field fluctuations in the Bm direction before and after the active
compensation was used. One can see that the fluctuation was sup-
pressed from ±100 nT to about ±10 nT, which is a moderate situa-
tion between the noisy daytime and the quiet midnight.

To observe the influence of the field fluctuation on NMR/MRI
measurements, NMR experiments were performed under the three
fluctuation cases: severe fluctuation (noisy daytime,
DBm � ±100 nT), moderate fluctuation (daytime with AC,
DBm � ±10 nT) and minute fluctuation (quiet midnight,
Fig. 3. 2D Fourier imaging sequence with spin echo an
DBm � ±1 nT). The 50-time averaged FID signals of a water phantom
are shown in Fig. 4(c). The tap water sample was rectangular with
two holes inside (see the inset in Fig. 4(c)), and its two side lengths
were 30 mm and 38 mm. The Bm variation over the 50 measure-
ments of each case caused fL to shift 7.5 Hz, 1.5 Hz and 0.5 Hz, respec-
tively. The averaged FID signal due to severe fluctuations in noisy
daytime was seriously spoiled by the relatively large random fL shift,
e.g., its duration was greatly shortened and the signal becomes dis-
torted. In contrast, the active compensation suppresses DBn, so the
FID signal was effectively recovered.
4.2. 1D and 2D MRI measurements

In order to experimentally investigate the influence of the field
variation on MRI, 1D and 2D MRI measurements of the water phan-
tom shown schematically in the inset of Fig. 4(c) were performed
in the above defined three fluctuation cases when different gradi-
ent fields were applied.

Fig. 5(a) shows the spectra of 50 spin echo signals for each case
with different gradient fields. One can see that the fL variations
under all the applied gradient fields were about 5 Hz, 1 Hz and
0.5 Hz for the case of severe, moderate and minute fluctuations,
respectively. Fig. 5(b) shows the 50 times averaged spin echo signal
of each case. No obvious differences were seen between the echo
signals of moderate and minute fluctuations for all the applied gra-
dient fields, indicating the effectiveness of active compensation.
However, the averaged echo signal of severe fluctuations was
smaller than those of moderate or minute fluctuations when the
gradient field was weak, e.g. 12 lT/m. As the applied gradient field
increased, this difference between them became smaller.
Furthermore, as the gradient field was increased to about
47 lT/m, the signals of the three cases became in good accordance
in our measurements.

2D MRI images of the above water phantom were obtained
using the Fourier transform spin echo method. Fig. 6 shows the
acquired 2D images of the sample in the three fluctuation cases
with different field gradients. The results of the 2D MRI measure-
ments exhibited a similar behavior as those of 1D MRI measure-
ments in Fig. 5(b). The images of moderate and minute
fluctuations were almost the same for all the applied gradients.
The image of severe fluctuations was blurred when the gradient
field was weak, e.g. 12 lT/m, and its image quality was improved
d permanent magnets for sample pre-polarization.



Fig. 4. (a) The horizontal component of the environmental magnetic field, recorded with a fluxgate magnetometer for 12 h. The inset shows a close-up of 60 s during
midnight. (b) Magnetic field fluctuations before and after the active compensation was applied in the daytime. The inset shows enlarged fluctuation using the active
compensation. (c) 50-time averaged NMR measurements of tap water in the three fluctuation cases: minute, moderate and severe fluctuation. The inset shows a schematic of
the water phantom.

Fig. 5. (a) The spectra of 50 spin echo signals and (b) 50 times averaged echo signals of tap water in the three fluctuation cases when the applied gradient field Gx was 12 lT/
m, 23.5 lT/m, 47 lT/m, and 70.5 lT/m respectively. Shifts in the longitudinal axis were made for clear display.
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Fig. 6. 2D MRI images of the water sample depicted in the inset of Fig. 4(c) in the three fluctuation cases when the gradient field Gx and Gzmax was 12 lT/m, 23.5 lT/m, 47 lT/
m, and 70.5 lT/m. The number of averages was 5.
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as the gradient field was increased or as the active compensation
was applied. When the gradient field was increased to 47 lT/m,
there was no obvious difference among the three cases. These
results agreed well with those of the 1D MRI measurements.
5. Discussion

The reasons for the results shown in Fig. 5(b) and Fig. 6 can be
explained by comparing the frequency shift DBn/Gx with the image
resolution Dx. Table 2 shows the calculated frequency shifts and
the image resolutions for all the applied gradients. One can notice
that the frequency shifts caused by field fluctuations were less than
the image resolutions in the cases of minute fluctuations and mod-
erate fluctuations with active compensation applied, indicating
that their frequency artifacts for all the applied gradients can be
ignored. For the case of severe fluctuations, only when the gradient
field is larger than 47 lT/m, the frequency shift became smaller
than the image resolution. Then its echo signals and 2D MRI
images became similar to those acquired at moderate or minute
fluctuations.

In addition, as discussed above, the phase drift is proportional
to the phase encoding time Tpe, which is usually inversely propor-
tional to Gx, therefore the phase drift should also decrease when Gx

is increased if DBan � DBpn is not zero in the experiments.
The necessity of active cancelation is not obvious in our lab

when the gradient field strength reaches 47 lT/m because the typ-
ical field fluctuation is only about ±100 nT. If the ambient
Table 2
Calculated shifts due to field fluctuation, and image resolution Dx for the applied
gradient fields.

Gx (lT/m) Severe fluct. DBn/Gx (mm)a Dx (mm)

Moderate fluct. Minute fluct.

12 13 2 1 2.7
23.5 5.5 1 0.5 2.6
47 2.7 0.5 0.25 2.3
70.5 1.5 0.25 0.17 2.1

a (c/2p)DBn is taken as DfL of the 1D MRI measurements in Fig. 5(a).
environment becomes harsh, for example due to fluctuations of
several to tens of lT induced by large magnetic objects like eleva-
tors moving up and down, the application of active cancelation
may reduce the fluctuation down to the nT range. In this case, by
applying sufficiently strong gradient fields in which the
signal-to-noise ratio is acceptable, the artifacts in both frequency
and phase encoding directions can be removed.
6. Conclusions

In this paper, we demonstrate the feasibility of ULF-NMR/MRI in
unshielded environment under three different fluctuation condi-
tions: severe fluctuations (DBn � ±100 nT), moderate fluctuations
(DBn � ±10 nT) and minute fluctuations (DBn � ±1 nT). The NMR
measurements were seriously affected by the field variation after
averaging. However, the influence of the field fluctuations became
negligible if active cancelation or the strong gradient fields were
applied, so that the frequency shift DBn/Gx became smaller than
the spatial resolution. This result will help us to build portable
and robust ULF-NMR/MRI systems working in various environ-
ments with different field fluctuation strengths.
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