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Abstract

Power-line harmonic interference and fixed-frequency noise peaks may cause stripe-
artifacts in ultra-low field (ULF) magnetic resonance imaging (MRI) in an unshielded
environment and in a conductively shielded room. In this paper we describe an adaptive
suppression method to eliminate these artifacts in MRI images. This technique utilizes
spatial correlation of the interference from different positions, and is realized by
subtracting the outputs of the reference channel(s) from those of the signal channel(s)
using wavelet analysis and the least squares method. The adaptive suppression method
is first implemented to remove the image artifacts in simulation. We then
experimentally demonstrate the feasibility of this technique by adding three orthogonal
superconducting quantum interference device (SQUID) magnetometers as reference
channels to compensate the output of one 2"%-order gradiometer. The experimental
results show great improvement in the imaging quality in both 1D and 2D MRI images
at two common imaging frequencies, 1.3 kHz and 4.8 kHz. At both frequencies, the
effective compensation bandwidth is as high as 2 kHz. Furthermore, we examine the
longitudinal relaxation times of the same sample before and after compensation, and
show that the MRI properties of the sample did not change after applying adaptive
suppression. This technique can effectively increase the imaging bandwidth and be
applied to ULF MRI in both an unshielded environment and a shielded room made from

aluminum sheets.
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1. Introduction

As a non-invasive medical imaging method, magnetic resonance imaging (MRI)
exhibits excellent soft tissue contrast and is widely used in clinical diagnosis and
research. Most commercial MRI systems utilize tesla-range superconducting magnets
to obtain high signal-to-noise ratio (SNR) and spatial resolution. Meanwhile, MRI at
low/ultra-low field (LF/ULF) attracts people’s interest. At LF/ULF, some techniques
were developed to improve SNR. For example, a pre-polarization technique involving
a current-pulsed coil and an ultra-sensitive detector superconducting quantum
interference device (SQUID) were combined to build a low-cost MRI system with
acceptable SNR . The first SQUID-based ultra-low field (ULF) MRI system was
built by the Clarke group at Berkeley, and operated at 132 uT [4]. Hyperpolarization
techniques, which significantly enhance spin population difference, were introduced in
LF/ULF nuclear magnetic resonance (NMR) and MRI systems to obtain stronger SNR

. Some potential applications of ULF MRI have been demonstrated compared with
high field MRI, e.g., enhanced contrast between cancerous and surrounding tissues

, the possibility of imaging in the presence of metallic objects , the hybrid
biomagnetic imaging of MRI and magnetoencephalography (MEG) and the
feasibility of neuronal current imaging . Most of these advantages were

achieved in a magnetically shielded room (MSR), which is costly, or in a shielded room
made from aluminum a few millimeters thick. Crucially, the use of any shielded room
makes the ULF-MRI system immobile.

An unshielded, portable and inexpensive ULF-MRI system is attractive for, e.g.
routine examination in underdeveloped countries. A practical implementation utilizing
a Faraday coil as the detector for capsicum imaging in the earth’s magnetic field was
presented in 2006 . Au unshielded 7-channel SQUID system was implemented by
Espy et al. in 2015 . We began studying unshielded systems in an urban laboratory
environment in 2008 . In an open environment, temporal magnetic field
fluctuations up to 1500 nT affect the stability of the static measurement field (Bo), thus
introducing artifacts in the MRI images. We developed an active compensation
technique based on low-frequency (< 10 Hz) magnetic field spatial correlation and
suppressed the fluctuation to ~10 nT . Furthermore, to compensate the spatial
inhomogeneity of the environmental magnetic field, which degrades By as well as the
imaging gradient fields, a full-tensor gradient field shimming system was introduced to
balance the environment gradient tensor . These two techniques made MRI possible
in an urban environment, leading us to construct a 4-channel unshielded system for such
applications in 2015 . However, power-line harmonic interference and fixed-
frequency noise peaks constitute a problem both in unshielded environment and in a
shielded room, faced both by SQUID and inductive detection . For instance, in
vivo human brain imaging using SQUIDs and coils as detectors, and lung
imaging based on hyperpolarized gases in a conductively shielded room may all
endure the power-line harmonic interference. These interference mechanisms introduce
stripe-artifacts in MRI images, reducing the image quality and narrowing the signal
band. To remove power-line noise from the recorded signal, there are several effective

methods: notch filters , adaptive filter and reference noise . For example,
3



notch filters were used to remove power-line harmonics noise from NMR spectra under
earth’s magnetic field . However, all the three methods are only appropriate in the
single-frequency signal situation. To compensate the interference in a signal frequency
range covering several to hundreds of Hz, a method based on adding reference channels
was developed for magnetocardiography (MCGQG) . Note that the signal frequency
range of MCG is typically < 50 Hz, far below the typical proton Larmor frequencies
(fu) of ULF MRI. The reference channels were once introduced into ULF MRI in
unshielded environment, but no detailed discussion of the post-processing was given

In this paper, we suggest an adaptive suppression technique to remove artifacts in
images caused mainly by strong power-line harmonic interference in an unshielded
urban environment. The concept is based on the spatial correlation of the interference
terms from different positions. By adding reference channels to our ULF-MRI system,
the power-line harmonics are simultaneously recorded by the second-order gradiometer
as well as the reference channels. The MRI signals, however, are picked up only by the
signal channel. Using wavelet analysis and the least squares method, we are able to
subtract the power-line harmonics from the signal channel. Firstly, we verify the method
on removing the noise in homogeneous sample image of simulation. We then compare
the 1D and 2D MRI images as well as the measured values of spin-lattice relaxation
time (7)) before and after introducing interference suppression at different Larmor
frequencies.

2. Principle of Adaptive Suppression

2.1 Spatial correlation and detector configurations

The basis of the power-line harmonic interference adaptive suppression is the spatial
correlation between each signal channel and reference channel in the kHz frequency
range. Generally, people use 2"-order gradiometers in unshielded environment to
suppress both homogeneous field noise of distant sources and 1*-order gradient noise.
In contrast, the different configurations of detectors such as a SQUID magnetometer, a
1*-order and a 2"%-order axial gradiometers can all be used as reference channels. So
we first constructed a three-channel system consisting of a magnetometer in vertical
direction, a 1%-order gradiometer, and a 2"_order gradiometer. The three channels
picked up ambient magnetic field noise and gradient noise in our laboratory.

shows good correlation among the sensors between 3 and 6 kHz, where the frequencies
of the harmonics are of course identical and the relative amplitudes of the harmonics
from each sensor are quite similar. This measurement demonstrates that in our
laboratory, the three kinds of configurations for reference channel(s) can be introduced
into our unshielded ULF-MRI system.
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Fig. 1. Ambient noise spectra measured by a magnetometer, a 1*-order gradiometer and
a 2™-order gradiometer. The loop diameter and the baselines of both gradiometers are
22 mm and 50 mm, respectively. The loop diameter of the magnetometer is 2 mm. All
three sensors are hand wound using 80 um Nb wire.
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In unshielded ULF-MRI systems, the images are normally acquired by a 2™-order
gradiometer with a vertical axis. The imbalance of a practical 2"-order gradiometer
causes a residual response to fluctuations in magnetic field and its 1%-order vertical
gradient [32], so that the voltage output of a practical 2"%-order gradiometers can be
described as:

Vour™® = k1 B® + kB, + k3B, + k46, + ks6,? (1)

Here, Bx?, B,® and B, are the three orthogonal components of magnetic field
fluctuations, G1‘¥ and G>'» the 1%- and 2"-order gradients along the vertical direction,
and k; to ks the corresponding transfer coefficients. In our laboratory, the static 1*-order
gradient field in vertical direction is measured to be below 5 pT/m in the system area,
and its fluctuations are much less than 0.1 uT/m over a 24-hour period. The 1%-order
gradient imbalance of the 2"-order gradiometer is typically 1%, which causes less than
a 10-mV fluctuation in the SQUID output. Therefore, the term ksG1®  can be ignored.

Consequently, in our following experiments, we introduced only three orthogonal
magnetometers to compensate the response of 2"%-order gradiometer to the three
orthogonal components of the magnetic field of the power-line harmonics. Another
advantage of using magnetometers instead of gradiometers as reference channels is that
the magnetometers have a small size that reduces liquid helium evaporation.



2.2 Adaptive suppression algorithm

For noise suppression at a fixed frequency, the spectral subtraction method in

speech signal processing and the aforementioned three methods have been
developed. However, speech signal processing is performed in the frequency domain,
and the methods in are only appropriate in the single-frequency situation. We

therefore designed an adaptive suppression to suppress fixed-frequency interference in
the signal frequency range covering several hundreds of Hz.

There are three key factors we should take into account for the suppression of the
power-line harmonics. The first one is the sample Larmor frequency at ULF, typically
1~10 kHz. The second is the image bandwidth Bw, which depends on the size of sample
and the imaging gradient field strengths, typically about 800~900 Hz for human brain
under 100 uT/m gradient field. The third is the noise distribution. There are two
harmonics per 100 Hz, if the power-line net frequency is 50 Hz. When Bw of the sample
is more than 50 Hz, the harmonics interference will overlap with the image. In
consideration of these factors, we derive an adaptive suppression method to eliminate
the noise interference and retain the MRI signal. The signal acquisition is performed in
each phase encoding step and then the image is reconstructed using Fourier imaging
method after all phase encoding steps finish. For simplicity, we first discuss the signal
processing of the adaptive suppression algorithm in one phase encoding step. In the
current configuration of the cryogenic probe, the 2"%-order gradiometer as the signal
channel measures the MRI (spin-echo) signal and the noise simultaneously, while the
three reference channels pick up only noise. The sampling rate of all channels is 100
kSa/s and the data acquisition time is 100 ms. In this way, the output of the 2"%-order

gradiometer in each phase encoding step Bs;ig(j) can be written as:
Bsig() = S() + Nzc(h) j € [1,10000]

2

where j is the number of data points ranging from 1 to 10000, S(j) the spin echo signal,
N,;(j) the noise picked up by the 2™-order gradiometer. All outputs are in units of
voltage.

The key process of the adaptive suppression algorithm is to remove N,g(j) from

Bsig(J) and can be accomplished through two steps. Firstly, Big(j) is decomposed

into different levels in time domain using 1D discrete wavelet analysis (DWA)
Each level corresponds to a frequency range and all levels cover the frequency range of

Bsig(J) (50 kHz in our case) which depends on the sampling rate. We assume that the

signal levels that cover the frequency range f; + %BW are the levels ranging from n;

to np. The adaptive suppression only takes into account the signal levels and no data
processing is performed to the levels with numbers < n; or > n,. shows a
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schematic of the signal levels that cover the frequency range fi + %BW. Because the
frequencies and the amplitudes of the harmonics peaks vary greatly in the range of f; +
%BW, the frequency range of each signal level can be different depending on the

practical situation. The decomposition of the signal into different levels may help us to
process the noise peaks independently and to improve the noise suppression effect. For
the n; level, the noise peaks in the signal channel were suppressed by using the noise
from the same levels in the outputs of the reference channels (the detailed process is
given in the second step below), without being affected by the noise in the other levels.
According to the known Larmor frequency and B,, of the sample, the i signal level
can be written as follows:
Bgig() = S'() + Njg() j € [1,10000] 3)
where n; <i < n,.

Similarly, the outputs of the three orthogonal magnetometers of the i level, which

only contain noise, can be analyzed as B! xyz() (asimplified representation of BL(),

By(j) and B}()).
The second step of the adaptive suppression is to restrain the harmonics noise with

the least squares method. We assume the spin echo contain m, data points, ranging
from m;+1to my;+m, (I<m;, m;+m, < 10000). So there are no MRI signal before

m; or after m;+m, data points. The suppression coefficients Ki(,y,z of the i level

can then be obtained by fitting B, lg(]) and B xyz() using the data points ranging

from 1 to m; (or from mi+1 to 10000) based on the least squares method:

my

Z[Bélg(]) - Ki{,y,z ' B)igy,z(]-)]z — min (4)

=1
The derivation of K}, is not influenced by the spin-echo signal. Then we use K,

to compensate the noise in the i level:
Béomp(j) = Béig(j) - K%(,y,z : B;(,y,z(j) j € [1,10000] (5)

The matrix K;y,z derived from the i level is composed of fixed suppression
coefficients Kl | K%, and K. . So the compensated outputs ()

Bcompr12 (j) of the signal channel from the n;™ to n,™ levels can be described:
B! O

Beomp (j)‘ Bsig’ (])‘ l l l “1(1)
51g (]) nz (]) B;z ) n2 (])

Bcompnz (])
j € [1,10000] (6)

B;' ()




The total compensated output of the signal channel of one phase encoding step should
be written:

n;
Beomp® = ) Beomp'() j € [1,10000] @
i=n,
For each phase encoding step, the same adaptive suppression process is implemented.
The noise-suppressed images are obtained by performing Fourier transform to the
compensated outputs of all phase encoding steps.
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Fig. 2. Schematic of the signal levels that cover the frequency range f; + %BW. The

frequency range of each signal level (from n; to n2) can be different depending on the

practical situation. No data processing is performed beyond the range fi, + %BW.

2.3 Numerical simulation

We firstly verified the effectiveness of the adaptive suppression using a 2D MRI
numerical simulation. A homogeneous rectangular sample with the side lengths of 45
mm X 35mmanda20mm X 20 mm square hole at center was used in the simulation,
as shown in (a). The signal frequency fL is 4800 Hz. The frequency encoding
gradient was 186 uT/m and the phase encoding gradient was from —45 pT/m to
+90 uT/m with 31 steps. The 2D imaging resolution was about 1.25 mm X 4 mm
and the imaging field of view (FOV) was 101 mm X 163 mm. To simulate the
practical noise performance, we added the noise picked up by the Z-direction
magnetometer to the reference image in 31 phase encoding steps. The amplitude
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difference between the added noise and the noise picked up by the magnetometer is
determined by the ratio of the effective areas of 2™-order gradiometer to that of the
magnetometer . The noise-added MRI image is depicted in (b). The noise of
the synthesized signal was then compensated based-on the algorithm described in 2.2.
The determination of the optimal mother wavelet depends on the sample structure

We use the Daubechies mother wavelet because of the simple structure of the sample.
We can see that the stripe-artifacts are almost eliminated from (c). The residual
image defined as the difference between (b) and (c) was introduced to assess the
de-noising effectiveness , as depicted in (d). (d) shows only noise
artifacts and the sample is not observable. It demonstrates that the adaptive suppression
method is applicable for retrieving the sample signal from the power-line harmonics.

(b) 5

45 0 45 45 0 45
Z (mm) Z (mm)

Fig. 3. The simulated 2D MRI images of a rectangular homogeneous sample without
noise (a) and with the measured noise (b). (c) The image after adaptive suppression. (d)
The residual image defined as the difference between (b) and (c).

3. System design

In this section, we describe our cryogenic probe, consisting of one 2™-order

9



gradiometer as the signal channel and three orthogonal magnetometers as the reference
channels. We also describe the unshielded ULF-MRI system and the imaging protocol.

In the SQUID system, as shown in Fig. 4, the 2"%-order gradiometer is placed at
the bottom of the liquid helium dewar for MRI signal detection. The diameter and the
baseline of the gradiometers is 22 mm and 50 mm and the input-coil inductance of the
SQUID is 680 nH. To ensure the reference channel picks up only environmental
interference, the orthogonal magnetometers, each equipped with a 2-mm diameter, one-
turn pick-up coil, are placed about 45 mm above the lowest coil of the 2™-order
gradiometer. The distance between the lowest coil of the 2"-order gradiometer and the
room-temperature sample is 15 mm. The top of the four SQUIDs is 210 mm above the
lowest coil of the 2"-order gradiometer. The measured environmental white noise
spectrum of the unshielded system above 3 kHz is about 12 fT/vVHz.

SQUIDs for
magnetometers

i Three orthogonal
" pick-up loops for

magnetometers
S 2"d.order
' gradiometer

Fig. 4. Photo of the cryogenic probe including four SQUIDs, three orthogonal
magnetometers and a 2"%-order gradiometer

Our unshielded ULF-MRI system, shown in Fig. 5 (a), consists of the SQUID
system, a commercial liquid helium dewar, a transportation system to move the sample
from the magnet to the bottom of the dewar and a 0.65 T permanent magnet pair for
sample prepolarization. A detailed description of the system can be found in [20.,21].

The 2D Fourier imaging sequence and 77 relaxation time measurement sequence
are depicted in Fig. 5 (b). After prepolarizing the sample in the gap of the magnets for
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a time Tp = 5 s, the sample was transported to the outer bottom of the dewar in a
transportation time 7Tyan = 550 ms. Then, the n/2 and & excitation field pulses were
applied to activate the nuclear magnetic resonance signal at the Larmor frequency fi.
Subsequently, spin echoes were recorded and imaging was performed with the 2D
Fourier imaging protocol. The frequency encoding gradient G, was kept on during the
measurement, and the phase was encoded with the gradient Gy using Ny steps. The
phase encoding time 7pe and the signal acquisition time 7, were 32 ms and 100 ms,
respectively. For the 7 relaxation time measurement, a series Of Tideday times were
added before the /2 pulse to fit 71 value according to A = (4y — Ago)e /™ + Agy.
Here, Ao is the initial value of the sample magnetization as the sample arrived at the
dewar outer bottom in By field. Ag, is the magnetization in By field in thermal
equilibrium. In the 7i sequence, the G, and Gy were set to zero.

X(pick-up) (b)
(a) Y( B‘l ) l} Ttrnn
Z(By) | :

I
B, . i
|
Slider :
X Sample Dewar I I |
7/2 pulse | | @ pulse
1.2m B, | | J'I 1
e [ - T
Electric i
: T il el S TE G T
actuator B ; . : i |
Prepolarizing 1 sig ' ' 1 I I l '"V"VAU an“v =
magnet pair 5 | | I 11
g T T getny T, T

Fig. 5. (a) Schematic of the unshielded ULF-MRI system (gradient coils are not shown
in for simplicity). (b) Sequence for 2D Fourier imaging and 7 relaxation time
measurement.

4. Experimental results

Given the good spatial correlation and the fact that the homogeneous magnetic
field components dominate the gradient components in the ambient environment, we
implemented 50 Hz harmonics compensation and reliability demonstration experiments
using our ULF-MRI system. In addition, we acquired 1D and 2D MRI images with and
without adaptive suppression technique.

4.1 Effect of Adaptive Suppression on 1D MRI

In order to verify this method in a wider frequency range, we chose the 1D imaging
frequencies at 1.3 kHz and 4.8 kHz, because the 1~2 kHz range is a typical frequency
range of the hybrid MRI-MEG application , and 4.8 kHz is a common imaging
frequency of ULF MRI. To evaluate the robustness of the adaptive suppression in the
case of low SNR, we applied frequency encoding gradients in this experiment to make
the signal amplitude comparable to those of the noise peaks. The gradient strengths at
1.3 kHz and 4.8 kHz are 3.6 pT/m and 10.35 uT/m, respectively. The effect of the
suppression is illustrated by the 1D MRI of the water sample in . The noise peaks
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were removed or greatly suppressed, while the amplitudes of the sample signal peaks
were preserved. At both 1.3 kHz and 4.8 kHz, the 1D MRI signal SNR was substantially
increased. Because the amplitude and width of the interference peaks are corresponding
to the gray scale and width of stripe-artifacts in the MRI image, it is necessary to
calculate the sums of area integral under the harmonic interference peaks before and
after compensation. The integral radius is 10 Hz, the same as our frequency resolution.
The results are shown in . It shown that more than 80% power of the interference
peaks was suppressed within +500 Hz centered at the Larmor frequency. B,, =1 kHz
meets the needs of human brain under 100 pT/m gradient field. In adaptive
suppression, we assume that all the 50 Hz harmonics are from the same source (power-
line grid), which can be regarded as far-field interference. Therefore, the 50 Hz
harmonics picked up by the 2"%-order gradiometer and the reference channels are
correlated and have fixed phases and amplitudes. However, some near-field
interference sources may also radiate 50 Hz harmonics (for example, the equipment
near our system). The phases and amplitudes of the near-field interference may change
during the signal acquisition time 7. The near-field interference cannot be suppressed
by fixed suppression coefficients, which were used in the far-field interference case.
The uncertainty of the phases and amplitudes limits the further improvement of the
suppression.

15 5
(a) Before compensation (c) Before compensation
'-'_‘l_ﬁ Signal peak E‘:-‘ 44 Signal peak
;"“ 10+ oioe paaks Frequency encoding ;"_' a1 Frequency encoding
b~ /‘ gradient =3.6 pT/m 'é; gradient = 10.35 uT/im
o 2
E s
= 5 Noise peaks = =
E' P fi =1.3kHz g. fi =4.8 kHz
< ] 1 l \ < 1. Noise pea{s‘ /Noise peaks
OJ. ; |L.Lj_ljln_nn‘rn_l_ 5 ..'./.L.-.LU'M - ia
-4000 -2000 0 2000 4000 €000 8000 -2000 -1000 0 1000 2000 3000
Z (mm) Z (mm)
15 5
(b) After compensation (d) After compensation
QA Signal peak 9‘.’\ 4 Signal peak
TN 104 : s
S Frequency encoeding = 34 / Frequency encoding
2 gradient = 3.6 pT/m L gradient = 10.35 uT/m
2 3
= 3 2l
= 5_ =
? Noise peaks fi =1.3 kHz E fi =4.8 kHz
<
J / l J 14 Noise pea\k
.l Ah A T 0 __AJ L‘
-4000 -2000 0 2000 4000 6000 8000 -2000 -1000 0 1000 2000 3000
Z (mm) Z (mm)

Fig. 6. The 1D water MRI signals (a) before and (b) after applying the adaptive suppression at
1.3 kHz. (c) and (d) are the 1D water MRI signals before and after applying the adaptive
suppression at 4.8 kHz. The position axes were calculated based on the gradient field
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strengths.

Table 1(a)
Calculated sums of area integral under the harmonics noise peaks before and after the
compensation at 1.3 kHz

Frequency bandwidth of area
integral sum (Hz) +100 +200 +500
(center frequency = 1.3 kHz)
Before 16.9 38.1 125.7
Sums of area | compensation
integral (pT) | After 33 4.9 19.5
compensation
Percentage of interference peaks
; , 80.5 87.1 84.5
suppression after compensation (%)

Table 1(b)
Calculated sums of area integral under the harmonics noise peaks before and after the
compensation at 4.8 kHz

Frequency bandwidth of area
integral sum (Hz) +100 +200 +500
(center frequency = 4.8 kHz)
Before 8.9 17.6 23.0
Sums of area | compensation
integral (pT) | After 1.7 3.1 3.2
compensation
Percentage of interference peaks
. . 80.9 82.4 86.1
suppression after compensation (%)

4.2 Reliability demonstrated by detecting T relaxation times

The longitudinal relaxation time 71, transverse relaxation time 7> and proton
density are essential parameters in MRI which reflect the intrinsic properties of the
sample being imaged. An essential requirement of adaptive suppression is that these
imaging factors must not change after compensation. In this subsection, we demonstrate
the reliability of the adaptive suppression technique by measuring 71 of a solution of
CuSOq4. The measured 71 delay step size is 50 ms with 19 steps. (a) and (b) show
the 7' curves before and after compensation. The values of 77 do not change within the
error bars of the measurement, demonstrating that the adaptive suppression conserves
the sample signal’s intrinsic property in terms of the 7 relaxation time.

13
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Fig. 7. T: measurement results of CuSOs solution (a) before and (b) after compensation.
4.3 Effect of Adaptive Suppression on 2D MRI

Given the successful demonstration of the numerical simulation and the
compensation in 1D MRI spectra, the same method was implemented for 2D MRI
images. We set all of the imaging parameters and the size of sample the same as in the
simulation. The sample is tap water in a 45 mm X 35 mm rectangular box with a 20
mm X 20 mm square hole at center. The uncompensated images in (a) clearly
exhibit stripe-artifacts perpendicular to the Z direction. We determined the coefficient
matrix K in Eq.(4) from the output of the 2™-order gradiometer and the magnetometers
in each phase encoding step. (b) is the image compensated using only the output
of the Z-direction magnetometer; all stripe-artifacts have obviously been suppressed.
When we compensated the noise using three magnetometers, the imaging quality shown
in (c) was further improved. Comparing (b) and (c), we see that the 50 Hz
harmonics interference along the Z-direction is strongest in our unshielded laboratory
environment. The distance between two odd harmonics is ~26 mm. The residual image
in (d) reflecting the difference between (a) and (c) does not show the sample
shape. To evaluate the suppression effect, we chose two artifacts (line A & B in

(a)) which did not cross the sample image and compare their sums of gray scale values
before and after compensation. In (c), lines A and B are suppressed by 86% and
92%, respectively. Although suppressing the interference using all outputs of the
orthogonal magnetometers may significantly improve the image quality, the Z-direction
suppression exhibits acceptable improvement. Single-channel compensation decreases
the number of SQUIDs and readout electronics and also reduces the complexity of the
system. In the future, we may use single-channel or three-channel suppression
depending on the actual demand of the MRI experiment.
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Fig.8. (a) The sample 2D MRI image without compensation. (b) the image after
adaptive suppression only in the Z-direction. (c) the image after adaptive suppression
in all three directions. (d) the residual image defined as the difference between (a) and
(c). Specifically, the artifact lines A and B are suppressed by 86% and 92% in (c),
respectively.

5. Conclusions and Discussion

In this paper, an adaptive suppression method was described combining the
reference channels and the adaptive suppression algorithm to eliminate stripe-artifacts
in the MRI images caused mainly by environmental power-line harmonic interference.
The use of three orthogonal SQUID magnetometers as reference channels may greatly
improve the suppression of power-line harmonic peaks picked up by the signal channel
in an unshielded urban environment. The results demonstrate that the suppression
technique successfully improves the quality of MRI images without changing the
measured values of the sample properties. The adaptive suppression can also be applied

to ULF MRI in a conductively shielded room when the power-line harmonics
15



interference cannot be ignored. The adaptive method is based on spatial correlation of
the far-field interference from different positions, so the effect of the adaptive
suppression is independent of the choice of imaging detectors. Therefore, traditional
Faraday coils can also be used as the reference channels in adaptive suppression for
diverse NMR/MRI applications.
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