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(57) Abstract: According to some aspects, a method of suppressing noise in an environment of a magnetic resonance imaging sys -
tem is provided. The method comprising estimating a transfer function based on multiple calibration measurements obtained from
the environment by at least one primary coil and at least one auxiliary sensor, respectively, estimating noise present in a magnetic
resonance signal received by the at least one primary coil based at least in part on the transfer function, and suppressing noise in the
magnetic resonance signal using the noise estimate.
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NOISE SUPPRESSION METHODS AND APPARATUS

BACKGROUND

[0001] Magnetic resonance imaging (MRI) provides an important imaging modality
for numerous applications and is widely utilized in clinical and research settings to produce
images of the inside of the human body. As a generality, MRI is based on detecting magnetic
resonance (MR) signals, which are electromagnetic waves emitted by atoms in response to
state changes resulting from applied electromagnetic fields. For example, nuclear magnetic
resonance (NMR) techniques involve detecting MR signals emitted from the nuclei of excited
atoms upon the re-alignment or relaxation of the nuclear spin of atoms in an object being
imaged (e.g., atoms in the tissue of the human body). Detected MR signals may be processed
to produce images, which in the context of medical applications, allows for the investigation
of internal structures and/or biological processes within the body for diagnostic, therapeutic
and/or research purposes.

[0002] MRI provides an attractive imaging modality for biological imaging due to the
ability to produce non-invasive images having relatively high resolution and contrast without
the safety concerns of other modalities (e.g., without needing to expose the subject to
lonizing radiation, e.g., X-rays, or introducing radioactive material to the body). Additionally,
MRI is particularly well suited to provide soft tissue contrast, which can be exploited to
image subject matter that other imaging modalities are incapable of satisfactorily imaging.
Moreover, MR techniques are capable of capturing information about structures and/or
biological processes that other modalities are incapable of acquiring. However, there are a
number of drawbacks to MRI that, for a given imaging application, may involve the relatively
high cost of the equipment, limited availability (e.g., difficulty in gaining access to clinical
MRI scanners) and/or the length of the image acquisition process.

[0003] The trend in clinical MRI has been to increase the field strength of MRI
scanners to improve one or more of scan time, image resolution, and image contrast, which,
in turn, continues to drive up costs. The vast majority of installed MRI scanners operate at
1.5 or 3 tesla (T), which refers to the field strength of the main magnetic field Bo. A rough
cost estimate for a clinical MRI scanner is approximately one million dollars per tesla, which
does not factor in the substantial operation, service, and maintenance costs involved in

operating such MRI scanners.
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[0004] These high-field MRI systems typically require large superconducting
magnets and associated electronics to generate a strong uniform static magnetic field (Bo) in
which an object (e.g., a patient) is imaged. The size of such systems is considerable with a
typical high-field MRI installment including multiple rooms for the magnet, electronics,
thermal management system, and control console areas. The size and expense of high-field
MRI systems generally limits their usage to facilities, such as hospitals and academic
research centers, which have sufficient space and resources to purchase and maintain them.
The high cost and substantial space requirements of high-field MRI systems results in limited
availability of MRI scanners. As such, there are frequently clinical situations in which an
MRI scan would be beneficial, but due to one or more of the limitations discussed above, is

not practical or is impossible, as discussed in further detail below.

[0004A] 1t is desired to overcome or alleviate one or more difficulties of the prior art,

or to at least provide a useful alternative.

SUMMARY

[0005] The inventors have developed noise suppression and/or avoidance techniques
that are based on noise measurements obtained from the environment. The noise
measurements are subsequently used to reduce the noise present in MR signals detected by a
magnetic resonance imaging (MRI) system during operation, either by suppressing the
environmental noise, configuring the MRI system to operate in a frequency band or bin
having less noise, or both.

[0006] In accordance with some embodiments of the present invention, there is
provided a method of suppressing noise in an environment of a low-field magnetic resonance
imaging system configured to generate a By field of approximately 0.2T or less and
comprising at least one primary coil arranged within a field of view of the magnetic
resonance imaging system and configured to detect magnetic resonance signals produced by a
sample when positioned within the field of view, and at least one auxiliary sensor comprising
at least one auxiliary coil arranged outside the field of view, the method comprising:

obtaining a first plurality of calibration measurements from the environment by the at

least one primary coil and a second plurality of calibration measurements from the

environment by the at least one auxiliary sensor;
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estimating an amplitude and a phase of a transfer function based on the first plurality of

calibration measurements and the second plurality of calibration measurements for each

of a plurality of frequency bins across a spectrum of interest, wherein the transfer
function, when applied to a noise signal received by the at least one auxiliary coil,
provides an estimate of noise received by the at least one primary coil;

estimating noise present in a magnetic resonance signal received by the at least one

primary coil based at least in part on the transfer function; and

suppressing noise in the magnetic resonance signal using the noise estimate..

[0007] Also disclosed herein is a magnetic resonance imaging system comprising at
least one primary coil, at least one auxiliary sensor, at least one controller configured to cause
the at least one primary coil and the at least one auxiliary sensor to each obtain multiple
calibration measurements from an environment of the magnetic resonance imaging system,
and to estimate a transfer function based on the respective multiple calibration measurements,
the controller further configured to estimate noise present in a magnetic resonance signal
received by the at least one primary coil based at least in part on the transfer function, and to
suppress noise in the magnetic resonance signal using the noise estimate.

[0008] Also disclosed herein is a method of operating a magnetic resonance imaging
(MRI) system to avoid noise in an environment of the MRI system, the method comprising
obtaining at least one noise signal from the environment present within each of a plurality of
frequency bins within a spectrum of interest, selecting one of the plurality of frequency bins
based, at least in part, on the respective at least one noise signal, and configuring at least one
primary transmit/receive coil of the low-field MRI system to operate at a frequency within
the selected frequency bin.

[0009] Also disclosed herein is a magnetic resonance imaging (MRI) system capable
of being configured to operate in different modes to avoid noise in an environment of the
MRI system, the MRI system comprising at least one primary transmit/receive coil to detect
magnetic resonance signals, and at least one controller configured to obtain at least one noise
signal from the environment present within each of a plurality of frequency bins within a
spectrum of interest, select one of the plurality of frequency bins based, at least in part, on the
respective at least one noise signal, and configure the at least one primary transmit/receive
coil to operate at a frequency within the selected frequency bin.

[0010] Also disclosed herein is a method of suppressing noise detected in an
environment of a magnetic resonance imaging system, the method comprising acquiring at

least one first magnetic resonance signal by applying a first pulse sequence using a first

3
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spatial encoding, acquiring at least one second magnetic resonance signal by applying the
first pulse sequence using the first spatial encoding, computing a difference between the at
least one first magnetic resonance signal and the at least one second magnetic resonance
signal, and estimating noise based, at least in part, on the computed difference.

[0011] Also disclosed herein is an apparatus for suppressing noise detected in an
environment of a magnetic resonance imaging system, the system comprising at least one
receive coil configured to detect magnetic resonance signals, at least one gradient coil for
spatial encoding, and at least one controller configured to operate the at least one receive coil
and the at least one gradient coil according to a first pulse sequence using a first spatial
encoding to acquire at least one first magnetic resonance signal, operate the at least one
receive coil and the at least one gradient coil according to the first pulse sequence using the
first spatial encoding to acquire at least one second magnetic resonance signal, compute a
difference between the at least one first magnetic resonance signal and the at least one second
magnetic resonance signal, and estimate noise based, at least in part, on the computed

difference.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Some embodiments of the present invention are hereinafter described, by way
of example only, with reference to the accompanying drawings, wherein:

[0013] FIG. 1 illustrates a block diagram of illustrative components of a magnetic
resonance imaging (MRI) system.

[0014] FIG. 2 illustrates exemplary components of an MRI system used for
performing noise suppression, in accordance with some embodiments of the technology
described herein.

[0015] FIG. 3 illustrates exemplary components of an MRI system used for
performing noise suppression, in accordance with some embodiments of the technology
described herein.

[0016] FIG. 4 illustrates exemplary components of an MRI system used for
performing noise suppression, in accordance with some embodiments of the technology

described herein.
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[0017] FIG. 5 illustrates exemplary components of an MRI system used for
performing noise suppression, in accordance with some embodiments of the technology
described herein.

[0018] FIG. 6 is a flowchart of an illustrative process for performing noise

suppression, in accordance with some embodiments of the technology described herein.

DETAILED DESCRIPTION

[0019] The MRI scanner market is overwhelmingly dominated by high-field systems,
and is exclusively so for medical or clinical MRI applications. As discussed above, the
general trend in medical imaging has been to produce MRI scanners with increasingly greater
field strengths, with the vast majority of clinical MRI scanners operating at 1.5T or 3T, with
higher field strengths of 7T and 9T used in research settings. As used herein, “high-field”
refers generally to MRI systems presently in use in a clinical setting and, more particularly, to
MRI systems operating with a main magnetic field (i.e., a BO field) at or above 1.5T, though

clinical systems operating between .5T and 1.5T are typically also considered “high-field.”

4A
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By contrast, “low-field” refers generally to MRI systems operating with a BO field of less
than or equal to approximately 0.2T.

[0020] The appeal of high-field MRI systems include improved resolution and/or
reduced scan times compared to lower field systems, motivating the push for higher and
higher field strengths for clinical and medical MRI applications. However, as discussed
above, increasing the field strength of MRI systems yields increasingly more expensive and
complex MRI scanners, thus limiting availability and preventing their use as a general
purpose and/or generally available imaging solution.

[0021] Low-field MRI has been explored in limited contexts for non-imaging
research purposes and narrow and specific contrast-enhanced imaging applications, but is
conventionally regarded as being unsuitable for producing clinically useful images. For
example, the resolution, contrast, and/or image acquisition time is generally not regarded as
being suitable for clinical purposes such as, but not limited to, tissue differentiation, blood
flow or perfusion imaging, diffusion-weighted (DW) or diffusion tensor (DT) imaging,
functional MRI (fMRI), etc.

[0022] The inventors have developed techniques for producing improved quality,
portable and/or lower-cost low-field MRI systems that can improve the wide-scale
deployability of MRI technology in a variety of environments beyond the large MRI
installments at hospitals and research facilities. As such, low-field MRI presents an attractive
imaging solution, providing a relatively low cost, high availability alternative to high-field
MRI. In particular, low-field MRI systems can be implemented as self-contained systems
that are deployable in a wide variety of clinical settings where high-field MRI systems
cannot, for example, by virtue of being transportable, cartable or otherwise generally mobile
so as to be deployable where needed. As a result, such low-field MRI systems may be
expected to operate in generally unshielded or partially shielded environments (e.g., outside
of specially shielded rooms or encompassing cages) and handle the particular noise
environment in which they are deployed.

[0023] Some aspects of the inventors’ contribution derive from their recognition that
performance of a flexible low-field MRI systems (e.g., a generally mobile, transportable or
cartable system and/or a system that can be installed in a variety of settings such as in an
emergency room, office or clinic) may be particularly vulnerable to noise, such as RF
interference, to which many conventional high field MRI systems are largely immune due to
being installed in specialized rooms with extensive shielding. In particular, such systems

may be required to operate in unshielded or partially shielded environments, as well as in
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multiple environments that may have different and/or variable sources of noise to contend
with.

[0024] To facilitate low field MRI systems that can be flexibly and widely deployed,
the inventors have developed noise suppression techniques for use with low-field MRI
systems in order to eliminate or mitigate unwanted noise or to reduce its impact on the
operation of the low-field systems. According to some embodiments, noise suppression
and/or avoidance techniques are based on noise measurements obtained from the
environment. The noise measurements are subsequently used to reduce the noise present in
MR signals detected by the low-field MRI system (e.g., a system having a B field of
approximately .2T or less, approximately .1T or less, approximately SOmT or less,
approximately 20mT or less, approximately 10mT or less, etc.) during operation, either by
suppressing the environmental noise, configuring the low-field MRI system to operate in a
frequency band or bin having less noise, or both. Thus, the low-field MRI system
compensates for noise present in whatever environment the system is deployed and can
therefore operate in unshielded or partially shielded environments and are not limited to
specialized shielded rooms.

[0025] Noise suppression techniques developed by the inventors are described in
more detail below and it should be appreciated that the noise suppression techniques
described herein may be used with any suitable low-field or high-field MRI systems deployed
in virtually any facility, including portable and cartable MRI systems. Non-limiting examples
of low-field MRI systems for which the noise suppression techniques described herein may
be used are described in co-filed U.S. Patent Application under Attorney Docket No.:
00354.70000US01, filed September 4, 2015 and titled “Low Field Magnetic Resonance
Imaging Methods and Apparatus,” and/or described in co-filed U.S. Patent Application under
Attorney Docket No.: 00354.70004USO1, filed September 4, 2015 and titled “Thermal
Management Methods and Apparatus,” each of which is herein incorporated by reference in
its entirety. While aspects of noise suppression described herein may be particularly
beneficial in the low-field context where extensive shielding may be unavailable or otherwise
not provided, it should be appreciated that the techniques described herein are also suitable in
the high-field context and are not limited for use with any particular type of MRI system.

[0026] Accordingly, aspects of the technology described herein relate to improving
the performance of low-field MRI systems in environments where the presence of noise, such
as RF interference, may adversely impact the performance of such systems. In some

embodiments, a low-field MRI system may be configured to detect noise (e.g., environmental
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noise, internal system noise, radio frequency interference, etc.) and, in response, adapt the
low-field MRI system to reduce the impact of the noise on the operation of the system. The
low-field MRI system may be configured to reduce the impact of the noise by suppressing
noise in the RF signal obtained by the RF receive coil, by generating RF signals that
destructively interfere with noise in the environment (e.g., RF interference), by adjusting
characteristics of the magnetic fields produced (e.g., adjusting the magnetic field strength of
the BO magnet) and/or received by the low-field MRI system so that the transmit/receive coils
operate in a frequency band satisfactorily free from interference, or using a combination of
these techniques.

[0027] According to some embodiments, noise suppression techniques described
herein allow a MRI system to be operated in unshielded or partially shielded environments, at
least in part by adapting noise compensation to the particular environment in which the MRI
system is deployed. As a result, deployment of an MRI system is not confined to specially
shielded rooms or other customized facilities and instead can be operated in a wide variety of
environments.

[0028] In some embodiments, a system may be configured to obtain information
about noise in the system’s environment or within the system itself (e.g., RF interference) and
suppress noise in the RF signal measured by the RF receive coil based, at least in part, on the
obtained information. The system may be configured to obtain information about noise in the
environment by using one or more auxiliary sensors. The term “auxiliary” is used to
differentiate between a sensor or detector capable of detecting noise and the primary receive
channel that receives MR signals for use in MRI. It should be appreciated that, in some
embodiments, an auxiliary sensor may also receive one or more MR signals. For example, the
low-field MRI system may comprise one or more auxiliary RF receive coils positioned
proximate to the primary transmit/receive coil(s), but outside of the field of view of the BO
field, to detect RF noise without detecting MR signals emitted by a subject being imaged.
The noise detected by the auxiliary RF coil(s) may be used to suppress the noise in the MR
signal obtained by the primary RF coil of the MRI system.

[0029] Such an arrangement has the ability to dynamically detect and suppress RF
noise to facilitate the provision of, for example, a generally transportable and/or cartable low-
field MRI system that is likely to be subjected to different and/or varying levels of RF noise
depending on the environment in which the low-field MRI system is operated. That is,

because noise suppression is based on the current noise environment, techniques described
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herein provide noise suppression capability specific to the particular environment in which
the system is deployed.

[0030] The inventors have recognized that the simplistic approach of subtracting
samples of noise obtained by one or more auxiliary sensors from the signal measured by the
primary receive coil(s) may provide unsatisfactory noise suppression, even if the gain of the
noise detected by the auxiliary sensor(s) is adjusted. The primary receive coil(s) and the
auxiliary sensor(s) may measure different noise signals because the primary coil(s) and the
auxiliary sensor(s) may be in different locations, have different orientations, and/or may have
different physical characteristics (e.g., may have a different number of coil turns, may differ
in size, shape, impedance, or may be a different type of sensor altogether).

[0031] Different locations and/or orientations of the primary coil(s) and the auxiliary
sensor(s) may lead to differences in the characteristics of the noise signals received by the
primary coil and the auxiliary sensor. Different physical characteristics between the primary
coil(s) and auxiliary sensor(s) may lead to frequency-dependent differences between noise
signals received by the primary coil(s) and auxiliary sensor(s). As a result, subtracting the
noise signal measured by one or more auxiliary sensors from the signal measured by the
primary coil(s) may not adequately suppress noise detected by the primary coil(s). Even if the
noise signal measured by the auxiliary sensor(s) were scaled by a constant in an attempt to
compensate for differences in the gain of the noise signals received by the primary coil(s) and
auxiliary sensor(s), such compensation would not account for frequency-dependent
differences in the noise signals.

[0032] Accordingly, in some embodiments, a transfer function is estimated and used
to suppress noise in the RF signal received by one or more primary receive coil(s) of a low-
field MRI system. As discussed in further detail below, the transfer function may operate to
transform a noise signal received via one or multiple auxiliary sensors (e.g., one or more
auxiliary RF coils and/or other types of sensors described herein) to an estimate of the noise
received by the primary receive coil (or multiple primary receive coils). In some
embodiments, noise suppression may comprise: (1) obtaining samples of noise by using the
one or more auxiliary sensor(s); (2) obtaining samples of the MR data using the primary RF
coil; (3) obtaining a transfer function; (4) transforming the noise samples using the transfer
function; and (5) subtracting the transformed noise samples from the obtained MR data to
suppress and/or eliminate noise.

[0033] The transfer function may be estimated from multiple (e.g., at least ten, at least

100, at least 1000, etc.) calibration measurements obtained using the auxiliary sensor(s) and
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primary coil(s). Multiple calibration measurements allow for estimating the transfer function
with high accuracy and, in particular, may allow for estimating the amplitude and phase of
the transfer function for a plurality of frequency bins across the frequency spectrum for which
the transfer function is defined. For example, when processing signals using an K-point DFT
(e.g., where K is an integer equal to 128, 256, 512, 1024 etc.), multiple measurements may
allow for estimating the amplitude and phase of the transfer function for each of the K
frequency bins.

[0034] In some embodiments, multiple auxiliary receive coils may be used as
auxiliary sensors to suppress noise received by the primary transmit/receive coil(s) of a low-
field MRI system. For example, in some embodiments, a low-field MRI system may include
multiple RF coils positioned/configured to sense the MR signal emitted by the subject being
imaged (e.g., multiple “primary” coils) and/or multiple coils positioned/configured to receive
noise data, but to detect little or no MR signal (e.g., multiple “auxiliary” coils). Such an
arrangement facilitates detection and characterization of multiple noise sources to suppress a
variety of noise that may be present in a given environment. Multiple primary receive coils
may also be used that factor into the noise characterization techniques described herein, as
well as being used to accelerate image acquisition via parallel MR, or in other suitable ways,
as discussed in further detail below.

[0035] In some embodiments, multiple auxiliary sensors may be used to perform
noise compensation when there are multiple sources of noise in the environment of the low-
field MRI system. For example, one or more auxiliary RF coils and/or one or more other
types of sensors may be used to obtain information about the noise environment resulting
from noise produced by multiple sources, which information in turn may be used to process
the RF signal received by the primary receive coil(s) in order to compensate for the noise
produced by multiple sources. For example, in some embodiments, a multichannel transfer
function may be estimated from calibration measurements obtained using multiple auxiliary
sensors and the primary RF coil(s), as described in more detail below. The multichannel
transfer function may represent the relationships among the noise signals captured by the
primary RF coil(s) and each of the multiple auxiliary sensors. For example, the transfer
function may capture correlation among the noise signals received by the multiple auxiliary
sensors. The transfer function may also capture correlation among the noise signals receive
by the multiple auxiliary sensors and the noise signal received by the primary RF coil(s).

[0036] In some embodiments, multiple auxiliary sensors may be used to perform

noise suppression by: (1) obtaining samples of noise by using multiple auxiliary sensors; (2)
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obtaining samples of the MR data using the primary RF coil(s); (3) obtaining a multichannel
transfer function; (4) transforming the noise samples using the multichannel transfer function;
and (5) subtracting the transformed noise samples from the obtained MR data to suppress
and/or eliminate noise.

[0037] In some embodiments, the multichannel transfer function may be estimated
from multiple (e.g., at least ten, at least 100, at least 1000, etc.) calibration measurements.
The multiple calibration measurements allow for estimating the multichannel transfer
function with high accuracy and, in particular, may allow for estimating the amplitude and
phase of the transfer function for a plurality of frequency bins across which the multichannel
transfer function is defined. For example, when processing signals using a K-point DFT (e.g.,
where K is an integer equal to 128, 256, 512, 1024 etc.), multiple calibration measurements
may allow for estimating the amplitude and phase of the multichannel transfer function for
each of the K frequency bins.

[0038] The inventors have further appreciated that the MR signal detected by one or
more primary receive coils may also be utilized to characterize the noise to suppress or
eliminate noise from the MR data. In particular, the inventors have recognized that by
repeating MR data acquisitions using the same spatial encoding (e.g., by repeating a pulse
sequence with the same operating parameters for the gradient coils), the “redundant” data
acquired can be used to characterize the noise. For example, if a pulse sequence is repeated
with the same spatial encoding multiple times, the MR data obtained should in theory be the
same. Thus, the difference in the signals acquired from multiple acquisitions using the same
spatial encoding can be presumed to have resulted from noise. Accordingly, multiple signals
obtained from using the same spatial encoding may be phase shifted and subtracted (or
added) to obtain a measure of the noise.

[0039] According to some embodiments, noise characterized in this manner can be
used to compute a transfer function or included as a channel in a multi-channel transfer
function, as discussed in further detail below. Alternatively, noise characterized in this
manner can be used alone or in combination with other techniques to suppress noise from
acquired MR signals. For example, a noise estimate obtained based on multiple MR signals
obtained using the same spatial encoding may be used to suppress noise without computing a
transfer function, as other suitable techniques may be used.

[0040] The inventors have further appreciated that one or more sensors (e.g., one or
more RF coils or other sensors capable of detecting electromagnetic fields) may be used to

assess the noise background in a spectrum of interest to assess which band within the
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spectrum is cleanest from a noise perspective so that the transmit/receive coil(s) may be
configured to operate in the identified frequency band. Accordingly, in some embodiments, a
low-field MRI system may be adapted by adjusting the transmit/receive coil(s) to operate at a
frequency band having less interference relative to other frequency bands in which the
transmit/receive coil(s) can be configured to operate. For example, one or more auxiliary RF
coils may be configured to monitor noise across multiple frequency bands over which the
primary RF coil could operate and, the primary RF coil may be configured to operate at the
frequency band having the least amount of noise, as determined by the measurements
obtained using the auxiliary RF coils. In particular, an auxiliary RF coil may be a wideband
RF coil configured to measure the noise level (e.g., noise floor) across a wide band of
frequencies. Based on the noise measured across a frequency band of interest, the primary
transmit/receive coil(s) (e.g., which may be a narrowband coil) may be configured to operate
in a band determined to have less noise than other frequency bands. Alternatively, multiple
sensors may be provided, each measuring noise levels in a respective frequency band. The
primary transmit/receive coil(s) may then be configured to operate in the frequency band
determined to have the least amount of noise present.

[0041] The inventors have also appreciated that a significant source of interference
for a low-field MRI system may be one or more power lines (e.g., power cords) supplying
power to the low-field MRI system. Accordingly, in some embodiments, a low-field MRI
system is configured to measure directly any interference due to the power line(s) and use the
measurements to suppress or cancel such interference. For example, in some embodiments, a
low-field MRI system may include one or more sensors coupled to a power line of the system
to measure any RF signals produced or carried by the power line, and the measurements
obtained by the sensor(s) may be used as part of the noise suppression techniques described
herein (e.g., to further characterize the noise environment and facilitate estimation of a
comprehensive transfer function).

[0042] In some embodiments, a low-field MRI system may include an antenna
capacitively coupled to one of the power lines of the system and may be configured to use
measurements obtained by the antenna to suppress noise in the RF signal received by the
primary RF coil of the low-field MRI system. Such an antenna may be of any suitable type
and, for example, may comprise a thin metal sheet wrapped around the power line and/or one
or more capacitors coupled to the power line. A low-field MRI system may include multiple
such antenna to detect noise resulting from any desired number of power lines supplying

power to the system (or that otherwise impact the system) including, for example, hot lines
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carrying single-phase, two-phase, or three-phase power. In some instances, a low-field MRI
system may include such an antenna for a ground wire. As another example, a low-field MRI
system may include a sensor inductively coupled to a power line or multiple respective power
lines (e.g., by use of a toroid or any other suitable method) to measure RF signals carried by
the power line such that these measurements may be used to suppress noise in the RF signal
measured by the primary RF coil of the low-field MRI system.

[0043] In some embodiments, a sensor’s measurements of interference due to a power
line may be used to suppress noise in the RF signal measured by the primary RF receive coil
by estimating a transfer function between the primary RF receive coil and the sensor. This
may be done in any suitable way and, for example, may be done using the techniques
described herein for estimating a transfer function between the primary RF receive coil and
an auxiliary RF receive coil. For example, noise characterized in this manner may be used to
estimate a transfer function alone or may be a channel in a multi-channel transfer function.
Noise characterized by a sensor coupled to one or more power lines may be utilized in other
manners (e.g., used directly to suppress noise), as the aspects are not limited in this respect.

[0044] The inventors have further appreciated that noise in the environment may be
detected by coupling one or more sensors to one or more electromagnetic interference (EMI)
shields. For example, a sensor may be connected inductively or capacitively between one or
more EMI shields and ground to detect the EMI captured by the shield. Noise characterized
in this manner may be used to suppress or eliminate noise from MR signals detected by the
primary receive coil(s). For example, noise characterized by coupling a sensor to one or
more EMI shields may be used to estimate a transfer function alone, or may be used as a
channel in a multi-channel transfer function. Noise characterized by a sensor coupled to one
or more EMI shields may be utilized in other manners, as the aspects are not limited in this
respect.

[0045] According to some embodiments, noise from various sources are characterized
using a combination of the above described techniques to determine a multi-channel transfer
function that can be used to suppress or eliminate noise from the various noise sources.

Noise measurements may be obtained during operation of the MRI system so that a multi-
channel transfer function may be determined dynamically, allowing for noise suppression that
adapts to the changing noise environment of the MRI system. However, noise in the
environment may be characterized upon system start-up, when the system is moved to a

different location and/or upon the occurrence of any event, and the characterized noise used
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to suppress and/or eliminate noise in acquired MR signals, as the techniques described herein
can be applied as desired.

[0046] Following below are more detailed descriptions of various concepts related to,
and embodiments of, methods and apparatus for noise suppression and/or cancellation. It
should be appreciated that various aspects described herein may be implemented in any of
numerous ways. Examples of specific implementations are provided herein for illustrative
purposes only. In addition, the various aspects described in the embodiments below may be
used alone or in any combination, and are not limited to the combinations explicitly described
herein.

[0047] FIG. 1 is a block diagram of exemplary components of a MRI system 100.
While the noise suppression techniques may have particular benefits for a low-field MRI
system, the techniques described herein are not limited for use at low-field and may be
employed to suppress noise in the high-field context, as the aspects are not limited in this
respect. In the illustrative example of FIG. 1, MRI system 100 comprises workstation 104,
controller 106, pulse sequences store 108, power management system 110, and magnetic
components 120. It should be appreciated that system 100 is illustrative and that a MRI
system may have one or more other components of any suitable type in addition to or instead
of the components illustrated in FIG. 1.

[0048] As illustrated in FIG. 1, magnetic components 120 comprises Bp magnet 122,
shim coils 124, RF transmit and receive coils 126, and gradient coils 128. By magnet 122 may
be used to generate, at least in part, the main magnetic field By. Bo magnet 122 may be any
suitable type of magnet that can generate a main magnetic field (e.g., a low-field strength of
approximately 0.2T or less), and may include one or more B coils, correction coils, etc.
Shim coils 124 may be used to contribute magnetic field(s) to improve the homogeneity of
the By field generated by magnet 122. Gradient coils 128 may be arranged to provide gradient
fields and, for example, may be arranged to generate gradients in the magnetic field in three
substantially orthogonal directions (X, Y, Z) to localize where MR signals are induced.

[0049] RF transmit and receive coils 126 may comprise one or more transmit coils
that may be used to generate RF pulses to induce a magnetic field B;. The transmit coil(s)
may be configured to generate any suitable type of RF pulses configured to excite an MR
response in a subject and detect the resulting MR signals emitted. RF transmit and receive
coils 126 may include one or multiple transmit coils and one or multiple receive coils. The
transmit and receive coils may be implemented using the same coils or may be implemented

using separate coils for transmit and receive, and are referred to generally as transmit/receive
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coils or Tx/Rx coils. Each of magnetics components 120 may be constructed in any suitable
way. For example, in some embodiments, one or more of magnetics components 120 may be
fabricated using the laminate techniques described in the above incorporated co-filed
applications.

[0050] Power management system110 includes electronics to provide operating power
to one or more components of the low-field MRI system 100. For example, as discussed in
more detail below, power management system 110 may include one or more power supplies,
gradient power amplifiers, transmit coil amplifiers, and/or any other suitable power
electronics needed to provide suitable operating power to energize and operate components of
the low-field MRI system 100.

[0051] As illustrated in FIG. 1, power management system 110 comprises power
supply 112, amplifier(s) 114, transmit/receive switch 116, and thermal management
components 118. Power supply 112 includes electronics to provide operating power to
magnetic components 120 of the low-field MRI system 100. For example, power supply 112
may include electronics to provide operating power to one or more By coils (e.g., Bo magnet
122) to produce the main magnetic field for the low-field MRI system. In some embodiments,
power supply 112 is a unipolar, continuous wave (CW) power supply, however, any suitable
power supply may be used. Transmit/receive switch 116 may be used to select whether RF
transmit coils or RF receive coils are being operated.

[0052] Amplifier(s) 114 may include one or more RF receive (Rx) pre-amplifiers that
amplify MR signals detected by one or more RF receive coils (e.g., coils 124), one or more
RF transmit (Tx) amplifiers configured to provide power to one or more RF transmit coils
(e.g., coils 126), one or more gradient power amplifiers configured to provide power to one
or more gradient coils (e.g., gradient coils 128), shim amplifiers configured to provide power
to one or more shim coils (e.g., shim coils 124).

[0053] Thermal management components 118 provide cooling for components of
low-field MRI system 100 and may be configured to do so by facilitating the transfer of
thermal energy generated by one or more components of the low-field MRI system 100 away
from those components. Thermal management components 118 may include, without
limitation, components to perform water-based or air-based cooling, which may be integrated
with or arranged in close proximity to MRI components that generate heat including, but not
limited to, By coils, gradient coils, shim coils, and/or transmit/receive coils. Thermal

management components 118 may include any suitable heat transfer medium including, but
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not limited to, air and water, to transfer heat away from components of the low-field MRI
system 100.

[0054] As illustrated in FIG. 1, low-field MRI system 100 includes controller 106
(also referred to as a console) having control electronics to send instructions to and receive
information from power management system 110. Controller 106 may be configured to
implement one or more pulse sequences, which are used to determine the instructions sent to
power management system 110 to operate the magnetic components 120 in a desired
sequence. For example, controller 106 may be configured to control power management
system 110 to operate the magnetic components 120 in accordance with a balance steady-
state free precession (bSSFP) pulse sequence, a low-field gradient echo pulse sequence, a
low-field spin echo pulse sequence, a low-field inversion recovery pulse sequence, and/or any
other suitable pulse sequence. Controller 106 may be implemented as hardware, software, or
any suitable combination of hardware and software, as aspects of the disclosure provided
herein are not limited in this respect.

[0055] In some embodiments, controller 106 may be configured to implement a pulse
sequence by obtaining information about the pulse sequence from pulse sequences repository
108, which stores information for each of one or more pulse sequences. Information stored by
pulse sequences repository 108 for a particular pulse sequence may be any suitable
information that allows controller 106 to implement the particular pulse sequence. For
example, information stored in pulse sequences repository 108 for a pulse sequence may
include one or more parameters for operating magnetics components 120 in accordance with
the pulse sequence (e.g., parameters for operating the RF transmit and receive coils 126,
parameters for operating gradient coils 128, etc.), one or more parameters for operating
power management system 110 in accordance with the pulse sequence, one or more programs
comprising instructions that, when executed by controller 106, cause controller 106 to control
system 100 to operate in accordance with the pulse sequence, and/or any other suitable
information. Information stored in pulse sequences repository 108 may be stored on one or
more non-transitory storage media.

[0056] As illustrated in FIG. 1, controller 106 also interacts with computing device
104 programmed to process received MR data. For example, computing device 104 may
process received MR data to generate one or more MR images using any suitable image
reconstruction process(es). Controller 106 may provide information about one or more pulse
sequences to computing device 104 for the processing of data by the computing device. For

example, controller 106 may provide information about one or more pulse sequences to
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computing device 104 and the computing device may perform an image reconstruction
process based, at least in part, on the provided information.

[0057] Computing device 104 may be any electronic device that may process
acquired MR data and generate one or more images of the subject being imaged. In some
embodiments, computing device 104 may be a fixed electronic device such as a desktop
computer, a server, a rack-mounted computer, or any other suitable fixed electronic device
that may be configured to process MR data and generate one or more images of the subject
being imaged. Alternatively, computing device 104 may be a portable device such as a smart
phone, a personal digital assistant, a laptop computer, a tablet computer, or any other portable
device that may be configured to process MR data and generate one or images of the subject
being imaged. In some embodiments, computing device 104 may comprise multiple
computing devices of any suitable type, as the aspects are not limited in this respect. A user
102 may interact with workstation 104 to control aspects of the low-field MR system 100
(e.g., program the system 100 to operate in accordance with a particular pulse sequence,
adjust one or more parameters of the system 100, etc.) and/or view images obtained by the
low-field MR system 100.

[0058] FIG. 2 shows illustrative components of a portion of an example a MRI
system that may be used for performing noise suppression, in accordance with some
embodiments of the technology described herein. For example, transmit/receive system 200
may form at least part of the transmit/receive equipment (e.g., transmit/receive coils 126, one
or more controllers, etc.) of a low-field MRI system, such as any of the exemplary systems
described in the above incorporated co-filed patent applications. Transmit/receive system 200
is configured to detect MR signals emitted from excited atoms of a subject 204 being imaged,
and to characterize noise in the environment to suppress or remove the characterized noise
from the detected MR signals, as discussed in further detail below.

[0059] As shown in FIG. 2, transmit/receive system 200 comprises a primary RF
receive coil 202 configured to measure MR signals emitted by the subject 204 in response to
an excitation pulse sequence (e.g., a pulse sequence selected from pulse sequence repository
108 and executed by controller 102). The excitation pulse sequence may be produced by
primary RF receive coil 202 and/or by one or more other transmit RF coils arranged
proximate subject 204 and configured to produce suitable MR pulse sequences when
operated. Primary receive coil 202 may be a single coil or may be a plurality of coils, which,
in the latter case, may be used to perform parallel MRI. Tuning circuitry 208 facilitates

operation of primary receive coil 202 and signals detected by RF coil(s) 202 are provided to
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acquisition system 210, which may amplify the detected signals, digitize the detected signals,
and/or perform any other suitable type of processing.

[0060] Transmit/receive system 200 also includes auxiliary sensor(s) 206, which may
include any number or type of sensor(s) configured to detect or otherwise measure noise
sources in the environment and/or environmental noise produced by the MRI system itself.
The noise measured by auxiliary sensor(s) 206 may be characterized and used to suppress
noise in the MR signal detected by primary RF coil(s) 202 using techniques described in
further detail below. After acquisition system 210 processes the signals detected by RF
coil(s) 202 and auxiliary sensor(s) 206, acquisition system 210 may provide the processed
signals to one or more other components of the MRI system for further processing (e.g., for
use in forming one or more MR images of subject 204). Acquisition system 210 may
comprise any suitable circuitry and may comprise, for example, one or more controllers
and/or processors configured to control the MRI system to perform noise suppression in
accordance with embodiments described herein. It should be appreciated that components
illustrated in FIG. 2 may be configured to detect MR signals generated by a MRI system and,
for example, the RF coils may be similar or the same as those described in the above
incorporated co-field applications, or may be any other suitable type of coil.

[0061] In some embodiments, auxiliary sensor(s) 206 may include one or more
auxiliary coils 306 configure to measure noise from one or more noise sources in the
environment in which the MRI system is operating, as shown in FIG. 3. In some instances,
the auxiliary RF coil(s) 306 may be constructed to be substantially more sensitive to ambient
noise than to any noise generated by the coil itself. For example, the auxiliary RF coil 306
may have a sufficiently large aperture and/or a number of turns such that the auxiliary coil is
more sensitive to noise from the environment than to noise generated by the auxiliary coil
itself. In some embodiments, auxiliary RF coil(s) 306 may have a larger aperture and/or a
greater number of turns than primary RF coil(s) 202. However, auxiliary RF coil(s) 306 may
be the same as primary RF coil in this respect and/or may differ from primary RF coil(s) 202
in other respects, as the techniques described herein are not limited to any particular choice of
coils. For example, in some embodiments, an auxiliary sensor of a different type is used in
place of an RF coil type sensor, as discussed in further detail below.

[0062] In the illustrative embodiment of FIG. 3, auxiliary RF coil(s) 306 is/are
located a distance 305 apart from primary RF coil 202. The distance 305 may be selected
such that auxiliary coil(s) 306 is/are sufficiently far away from the sample 204 to avoid

sensing MR signals emitted by the sample during imaging, but otherwise arranged as close as
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possible to the primary RF coil 202 so that auxiliary coil(s) 306 detect noise similar to the
noise detected by primary coil(s) 202. In this manner, the noise from one or more noise
sources measured by auxiliary coil(s) 306 and characterized using techniques discussed
herein (e.g., by using the detected noise to calculate, at least in part, a transfer function that
can be used to suppress and/or eliminate noise present on detected MR signals) may be
representative of the noise detected by primary coil(s) 202. It should be appreciated that
auxiliary coil(s) 306 need not be RF coils, but may be any type of sensor capable of detecting
or measuring noise in the environment that may impact the performance of the MRI system,
as the techniques described herein are not limited for use with any particular type of sensor.
[0063] According to some embodiments, auxiliary sensor(s) 206 may include one or
more auxiliary sensors 406 configure to measure noise by coupling sensor(s) to one or more
components of the MRI system, as schematically shown in FIG. 4. For example, auxiliary
sensors 406 may include one or more sensors coupled to one or more components of the MRI
system or otherwise arranged to detect noise produced by the MRI system. As discussed
above, power cables are frequently a source of noise that can have a negative impact on the
operation of the MRI system and, in particular, may produce noise that is detected by the one
or more primary coils. According to some embodiments, auxiliary sensor(s) 406 include one
or more sensors coupled (e.g., capacitively or inductively) to one or more power cables of the
system to detect noise produced therefrom. The detected noise may be characterized and
used to suppress noise from detected MR signals, for example, by using the detected noise to
produce, at least in part, a transfer function that characterizes noise detected by the auxiliary

sensor(s) 406, or by being directly applied to detected MR signals.

[0064] As discussed above, the low-field regime may facilitate systems that can be
utilized in a wide variety of circumstances and/or that can be generally transported from one
location to another. As a result, low-field MRI systems will frequently operate outside of
specially shielded rooms. Thus, some low-field MRI systems may utilize partial shielding of
one or more components of the system to prevent at least some EMI from reaching the
shielded components. The inventors have appreciated that by coupling one or more sensors
to one or more EMI shields (e.g., a Faraday cage of one or more components or the like) of
the system, the noise absorbed by the one or more EMI shields can be measured,
characterized and used to suppress and/or eliminate noise from detected MR signals.
According to some embodiments, auxiliary sensor(s) 406 include one or more sensors

coupled between one or more EMI shields and ground to measure noise absorbed by the EMI



WO 2016/037028 PCT/US2015/048479
19

shield that can be used to facilitate noise suppression. For example, the noise detected from
the EMI shield may be used to compute, at least in part, a transfer function that can be
utilized in suppressing and/or eliminating noise from detected MR signals. It should be
appreciated that auxiliary sensor(s) 406 may include any other type of sensor capable of

detecting noise, as the aspects are not limited in this respect.

[0065] According to some embodiments, auxiliary sensor(s) 206 include the primary
coil(s) itself as illustrated in FIG. 5, wherein the primary RF coil(s) are labeled both as
primary receive coil 202 and auxiliary sensor 506 for the system, as the primary RF coil(s)
may perform both roles in some circumstances. As discussed above, the inventors have
recognized that certain pulse sequences facilitate using the signals acquired from the primary
coil(s) to also suppress noise thereon. A pulse sequence refers generally to operating transmit
coil(s) and gradient coil(s) in a prescribed sequence to induce an MR response. By repeating
the same pulse sequence using the same spatial encoding, “redundant” MR signals can be
obtained and used to estimate noise present in the MR signals.

[0066] To address the relatively low signal-to-noise ratio (SNR) of low-field MRI,
pulse sequences have been utilized that repeat MR data acquisitions using the same spatial
encoding (e.g., by repeating a pulse sequence with the same operating parameters to drive the
gradient coils in the same manner). The MR signals obtained over multiple acquisitions are
averaged to increase the SNR. For example, a balanced steady-state free precession (bSSFP)
pulse sequence may be used to rapidly obtain MR data over multiple acquisitions, which
acquisitions are thenaveraged together to increase the SNR. The term “average” is used
herein to describe any type of scheme for combining the signals, including absolute average
(e.g., mean), weighted average, or any other technique that can be used to increase the SNR
by combining MR data from multiple acquisitions. Because the bSSFP pulse sequence does
not require waiting for the net magnetization to realign with the By field between successive
MR data acquisitions (e.g., successive acquisitions may be obtained without needing to wait
for the transverse magnetization vector to decrease to 0), multiple acquisitions may be rapidly
obtained. However, any pulse sequence can be used to perform multiple acquisitions at the
same location, as the aspects are not limited in this respect.

[0067] The inventors have appreciated that the MR data obtained during multiple
acquisitions performed using the same spatial encoding may be used to suppress and/or
eliminate noise from the detected MR signal. As discussed above, when multiple

acquisitions are performed by repeating the pulse sequence with the same spatial encoding,
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the MR signals obtained should be the same or nearly the same and the differences can be
attributed to noise. As such, phase shifting the MR signal obtained over multiple acquisitions
and computing the difference between the signals provides a means for evaluating the noise
corrupting the MR data. The difference may be obtained by phase shifting and either adding
or subtracting the phase shifted MR signals depending on the type of pulse sequence utilized.
For example, the bSSFP pulse sequence flips the polarity of the pulse sequence on
subsequent acquisitions so that the difference may be computed by adding MR signals that
have been appropriately shifted in phase. However, MR signals obtained using other pulse
sequences that do not flip the polarity may be subtracted after being appropriately phase
shifted to obtain the difference between multiple MR acquisitions. Because multiple
acquisitions (e.g., 10, 20, 50, 100, 150 or more) obtained using the same spatial encoding
may already be performed (and averaged) in the low-field context to achieve sufficiently
large SNR, using one or more of the acquisitions to compute a noise estimate will not
substantially increase acquisition times, if at all.

[0068] The computed noise (e.g., the difference between MR signals obtained over
multiple acquisitions with the same spatial encoding can be used to suppress and/or eliminate
the noise in the detected MR signal. According to some embodiments, the noise computed
according to the above described technique may be used to, at least in part, determine a
transfer function that can be used to suppress and/or eliminate noise in the manner discussed
in further detail below. However, noise computed by determining the difference between
multiple MR acquisitions can be utilized in other ways to suppress and/or eliminate noise, as
the aspects are not limited in this respect. For example, noise computed based on determining
the difference between multiple MR acquisitions obtained from the same location may be
directly applied to detected MR signals or applied after further processing. It should be
appreciated that the noise computed by comparing multiple acquisitions obtained using the
same spatial encoding can be used to dynamically suppress and/or eliminate noise from the
detected MR signals. In this way, noise cancellation dynamically adapts to changing noise
conditions in the environment.

[0069] As discussed above, noise detected by one or more auxiliary sensors, some
examples of which are described in the foregoing, may be used to characterize the noise from
one or more noise sources and suppress and/or eliminate noise from detected MR signals.
According to some embodiments, the noise detected by one or more auxiliary sensors is used
to determine a transfer function that can be used to transform detected noise to an

approximation of the noise detected by the one or more primary receive coils. According to
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some embodiments, noise detected by one or more auxiliary sensors is applied to detected

MR signals to suppress noise without using a transfer function.

[0070] As a non-limiting example, a noise suppression component (e.g., acquisition
system 210 illustrated in FIGS. 2-5) may suppress noise in a signal s,,;(t), detected by
primary RF coil 202, by using the signal s,,,,(t), detected by auxiliary sensor 206, and a

primary-to-auxiliary sensor (PA) transfer function Hp, (w) via the following expression:

Scomp(t) = Spri(t) - T_l{HPA (@)Saux (@)}, (D)

where S, (w) is the Fourier transform of s4,,(t), F ~1{} is the inverse Fourier transform
operator, and Somp(t) is the noise-suppressed signal. It should be appreciated that the noise
compensation calculation of Equation (1) may be implemented in any of numerous ways and,
for example, may be implemented in the frequency domain or in the time domain, as the
noise suppression techniques described herein are not limited in this respect. Exemplary

techniques for estimating a PA transfer function are described in more detail below.

[0071] FIG. 6 is a flowchart of an illustrative process 600 for performing noise
suppression, in accordance with some embodiments of the technology described herein,
including a detailed description of a technique for determining an exemplary transfer
function, first with respect to a transfer function between an auxiliary sensor and a primary
receive coil, followed by a description of a transfer function between multiple auxiliary
sensors and a primary receive coil (multi-channel transfer function). It should be appreciated
that a single or multi-channel transfer function may be computed for any number of receive
coils so that noise cancellation in this respect can be performed using any number and type of
auxiliary sensor and any number and type of receive coil. Process 600 may be performed by
components of any suitable MRI system and, for example, may be performed by components
of MRI system 100 described with reference to FIG. 1 and the associated components
illustrated in FIGS. 2-5.

[0072] Process 600 begins at acts 602 and 604, where a MRI system obtains MR data
by using a primary RF coil (e.g., RF coil 202) and obtains noise data using one or more
auxiliary sensors (e.g., one or more RF coils 306 and/or one or more other sensors 206, 406,
506, etc.). As discussed above, any number of auxiliary sensors of any type may be used to
characterize the noise in the environment of the MRI system. To illustrate aspects of the

noise suppression techniques, the case of a primary RF coil and an auxiliary sensor is first
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considered. The primary RF coil and auxiliary sensor may operate to obtain MR and noise
data substantially simultaneously such that the noise data acquired by the auxiliary sensor
may be used to suppress noise in the MR data acquired by the primary RF coil.

[0073] The signal obtained by the primary RF coil may comprise both noise and an

MR signal emitted by the sample being imaged. For example, if s,,,; (t) represents the total

signal measured by the primary RF coil, then s,,;(t) may be expressed as:

Spri(t) = mpri(t) + npri(t)a

where m,,,;(t) and n,(t) represent the MR signal and noise components of the total signal
measured by the primary RF coil. Assuming that the auxiliary sensor measures a negligible
amount of MR signal (due to the placement of the auxiliary sensor relative to the primary RF
coil and the sample being imaged), the signal measured by the auxiliary sensor contains
mostly ambient RF noise. For example, if s,,,, (t) represents the total signal measured by the

auxiliary sensor, then s,,,,(t) may be expressed according to:

Saux (t) = Ngyx (0),

where 14, (t) is noise measured by the auxiliary sensor.

[0074] As discussed above, the noise components of the signals measured by the
primary RF coil and auxiliary sensor may be different (e.g., ny,;(t) may be different from
Nqux (t)) due to physical differences between the primary coil and auxiliary sensor as well as
differences in location and orientation. However, the inventors have appreciated that a
relationship between the noise signals measured by the primary coil and the auxiliary sensor
may be established since both measure noise from one or more common sources. Such a
relationship may be, in some embodiments, represented by a primary to auxiliary transfer
function Hp,(w) as detailed below.

[0075] For example, in some embodiments, each of the noise signals ny,.;(t) and
Nqux (t) may contain noise from several independent sources including, but not limited to,
noise from one or more sources in the environment of the low-field MRI system, noise
generated by the primary RF coil and/or the auxiliary sensor, and noise generated by one or
more other components of the MRI system (e.g., noise generated by tuning circuitry,
acquisition system, power cables, etc.). Thus, for example, the noise signals n,,;(t) and

Nqux (t) may be expressed as:

npri(t) = Cpri(t) + Upri (t), and
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Naux (£) = Caux(t) + Ugyx ) = Caux (1),

where ¢, (t) and c,y,x (t) represent correlated noise (i.e., the signals ¢, (t) and cgy (t) are
correlated) generated by one or more common noise sources detected by the primary coil and
the auxiliary sensor, respectively, and where w,,; (t) and uq, (t) represent uncorrelated
noise detected by the primary coil and auxiliary sensors, respectively (e.g., noise generated
by the primary coil and auxiliary sensor themselves). As described above, in some
embodiments, the auxiliary sensor may be configured such that it is more sensitive to noise
from the environment than noise generated by the sensor itself. For example, the auxiliary
sensor may be an auxiliary RF coilhaving a sufficiently large aperture and/or number of
turns. As such, ¢, (t) may be substantially larger than u,,,, (t) so that ng,, (t) = caux(t).
[0076] Each of the noise signals cy,;(t) and cg,(t) can be expressed in relation to
the common noise source(s) through a respective measurement transfer function. For
example, in the Fourier domain, the Fourier transforms C,,.;(w)and Cg,, (w)of noise signals

Cpri (t) and Cqy () can be expressed as:
Cpri (w) = Hpri (w)Cs(w)
Coux(w) = Hyyy () Cs(w)

where C;(w) is the Fourier transform of a common noise source and Hy,,;(w) and Hg,, (w)

respectively represent the channel between the common noise source and the primary receive

coil and auxiliary sensor. Combining the above equations yields:

Cpri (w) = Hpy (@) Copx (@),

where
Hpri(w)
HPA ((1)) - H:ux(w)’
is the primary-to-auxiliary ransfer function.
[0077] Returning to the discussion of process 600, after the MR and noise signals are

acquired at acts 602 and 604, process 600 proceeds to act 606, where a primary-to-auxiliary
(PA) transfer function is obtained. In some embodiments, the PA transfer function may have
been previously estimated so that obtaining the PA transfer function at act 606 comprises
accessing a representation of the PA transfer function (e.g., a frequency-domain or a time-
domain representation of the PA transfer function). In other embodiments, obtaining the PA

transfer function at act 606 may comprise estimating and/or updating the estimate of the
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transfer function. Techniques for estimating a PA transfer function are described in more
detail below.

[0078] Next, at act 608, the noise data obtained at act 604 and the PA transfer
function obtained at act 606 may be used to suppress or cancel noise in the MR data obtained
at act 602. This may be done using Equation (1) described above, using any equivalent
formulation of Equation (1) (e.g., the entire calculation may be performed in the frequency
domain), or in any other suitable way.

[0079] As described above, a primary-to-auxiliary transfer function may be used to
suppress noise in the MR data acquired by a primary RF coil in a MRI system such as a low-
field MRI system. In some embodiments, the primary-to-auxiliary transfer function may be
estimated from calibration measurements obtained by the primary RF coil and the auxiliary
sensor. This may be done in any suitable way. For example, the PA transfer function may be
estimated from calibration measurements obtained when no MR signal is present or when the
strength of the MR signal is small relative to the strength of the noise detected by the primary
RF coil. As another example, the PA transfer function may be estimated from calibration
measurements obtained when an MR signal is present (e.g., during operation of the MRI
system). Any suitable number of calibration measurements may be used (e.g., at least 100,
100-1000, at least 1000, etc.). When more measurements are used, the PA transfer function
may be estimated at a higher resolution (e.g., at more frequency values) and/or with increased
fidelity with respect to the actual noise environment. The PA transfer function may be
estimated using a least-squares estimation technique or any other suitable estimation
technique, as the techniques described herein are not limited to any particular computational
method.

[0080] As one non-limiting example, when the signal acquired by the primary coil at
times {t; } does not contain any MR signal or when the strength of the MR signal is small

relative to the strength of the noise detected by the primary RF coil, then s,,,.; (tx) = npyi (tx),

so that the discrete Fourier transform of s,,;(t,) is given by:

Spri(wk) = Cpri (wp) + Upri (@),

where Cy,;(wy) is the discrete Fourier transform of Cy,;(tx) and Up,;(wy) is the discrete
Fourier transform of u,,; (ty). Since Cpy;(wy) = Hpy(wy)Syer(wy), the discrete Fourier

transform of the signal received at the primary coil may be represented as a function of the

discrete Fourier transform of the signal received at the auxiliary sensor according to:
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Spri(wk) = HPA(wk)Saux(wk) + Upri (wk) (2)

[0081] Equation (2) represents a set of independent equations, one for each frequency
component, wy. Since both U,,; and Hps are unknown, it may not be possible to determine
Hp,s from a single calibration measurement. If M calibration measurements (e.g., at least 10,
at least 100, at least 1000 calibration measurements) are made such that multiple examples of
Spri and S, for each frequency component are obtained, then the PA transfer function can be
determined despite the unknown U,,;, via any suitable estimation technique, for example, via
least squares estimation. This is so because multiple measurements may be used to average
out the uncorrelated noise. Given M calibration measurements, a least squares estimator for
the PA transfer function may be obtained by considering the following matrix equation for

each frequency component wy,

Spri (wk)l

Saux(wk)l
= Hpu(wy) [ : ],

Spri (wk)M Saux(wk)M

which can be solved according to:

Saux(wk)l r Saux(wk)l aux(wk)l pn(wk)l
[ e

Saux(wk)M Saux(wk)M aux(wk)M prz (wk)M

[0082] As may be appreciated from the foregoing, the above-described estimator uses
multiple measurements (i.e., M noise signals measured by each of the primary and auxiliary
coils) to estimate the value of the primary-to-auxiliary transfer function for multiple
frequency bins. This results in significantly improved estimates of the PA transfer function as
compared to techniques which rely on a single measurement (i.e., a single signal measured by
each of the primary and auxiliary coils) to estimate the transfer function. Such single-
measurement techniques may include scaling and time-shifting the reference signal before
subtraction, which would correct for a difference in phase between the noise signal as
received at a primary coil and an auxiliary coil, but (unlike the multiple measurement
technique described herein) would not correct for frequency-dependent phase differences.

[0083] Another single-measurement technique may include scaling and phase
adjusting the auxiliary noise signal in the frequency domain before subtracting it from the
signal received at the primary coil. This could be accomplished by using the discrete Fourier

transform (DFT) of the signals received by a primary coil and an auxiliary coil. The optimal
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scaling and phase shift can be determined by a least-squares fit across multiple frequency
bins. For example, if Sp,; (wy) is the DFT of the signal measured on the primary receive coil
and S, (wy) is the DFT of the signal measured on an auxiliary coil at the same time, an
average scaling and phase shift SPF for a subset of frequency bins (in the range of [k1,k2])
may be computed according to:

_ leg Saux(a’k)spri(a’k)
Zﬁf Saux(a’k)saux(a’k).

SPF

[0084] Although this single-measurement technique may be used to create a
frequency-dependent correction, the method requires a tradeoff between frequency resolution
of the correction and accuracy of the estimation of the scaling and phase offset. In particular,
this “averaging across frequency bins of a single measurement” technique results in poor
(e.g., high-variance, biased) estimation of a PA transfer function. In contrast, the above-
described multiple measurement technique provides for an unbiased and low-variance
estimator.

[0085] As described above, the inventors have appreciated that the use of multiple
coils may facilitate improved MRI in a number of ways, including more robust noise
detection and/or cancellation, accelerated image acquisition, etc. In embodiments where
multiple primary receive coils and/or multiple auxiliary sensors are used, all of the sensors
may be the same type or may be of different types. For example, in circumstances where one
or more RF coils are used as sensors, none, some, or all of the coils may be shielded. As
another example, the coils can have different sensitivities. When other types of sensors are
used, at least some of the characteristics of the sensors and the primary receive coil(s) may
necessarily be different, though some may be similar or the same.

[0086] In some embodiments, multiple auxiliary RF coils and/or primary RF coils
may be used to accelerate imaging. For example, multiple RF coils used to sense noise from
the same or different noise sources may also be used to perform parallel MR. In this manner,
multiple RF coils may provide both noise characterization functions as well as accelerated
image acquisition via their use as parallel receive coils.

[0087] In some embodiments, as described above, multiple sensors may be used to
perform noise compensation in the presence of multiple noise sources. In an environment
having N correlated noise sources, where N is an integer greater than one, the Fourier

transforms C,,;(w)and Cgyy (@) of noise signals ¢y, (t) and ¢y (t), received by a primary

coil and an auxiliary sensor can be expressed as:
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Cpri (w) = Hyrin (0)C; (w) + Hyrio (0)C(w) + -+ + Hyprin (w)Cy(w)
Coux(w) = Haux,l (0)C(w) + Haux,z (0)Cy(w) + -+ + Haux,N (w)Cy (w),

where Cj(w); 1 < j < N, is a Fourier transform of a noise signal from the jth noise source,
Hpy; j(w) is a transfer function between the primary coil and the jth noise source, and

Hgyx j(@) is a transfer function between the auxiliary sensor and the jth noise source. When
the ratio Hy,,.; j (@) /Hgyy j(@) is different for one or more noise sources, it may not be
possible to perform high quality noise compensation by using only a single auxiliary sensor.
However, multiple auxiliary sensors may be used to perform noise compensation in this
circumstance as described below.

[0088] Described below is a non-limiting example of how multiple auxiliary sensors
may be used to perform noise compensation for multiple different noise sources. Without loss
of generality, suppose a MR system has a primary coil and P auxiliary sensors (where P is
any integer greater than or equal to 1). Further, suppose that the MR system is deployed in an
environment in which there are N different noise sources (where N is an integer greater than

or equal to 1). Let H;;(w) denote the transfer function between the ith auxiliary sensor (where

1 <i < P) and the jth noise source (where 1 < j < N). The following set of equations relate
the Fourier transforms of the signals received by the auxiliary sensors to the Fourier

transforms of the noise signals produced by the noise sources:

Hll HlN Cl

Caux,l

bl

Hpy -+ HpyllCy Caux,P

where Cgyyy ;31 < @ < P, is a Fourier transform of the signal received at the ith auxiliary

sensor, Cj(w); 1 < j < N is a Fourier transform of a noise signal from the jth noise source,

and where the dependence of all the terms on frequency is not shown explicitly (the (w) is
suppressed for brevity), though it should be appreciated that all the terms in the above matrix
equation are functions of frequency.

[0089] When the number of auxiliary sensors is greater than or equal to the number of
noise sources (i.e., P >= N), the above matrix equation may be solved for the noise signals

according to:

-1
G Hyy = Hiy1 [Hy - Hiy Hyy - Hin]" [Cauxn

Cy Hpy -+ Hpyl 1Hpy -+ Hpy Hpy -+ Hpy

Caux,P
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[0090] If such a solution exists, the correlated noise measured on the primary receive
coil may be expressed in relation to the measurements obtained by all of the auxiliary sensors

according to:

-1
Hll HlN T Hll HlN Hll HlN T Caux,l
Cori = [Hpria =+ Hprin]{| ¢ = P P :
Hpy =+ Hpy Hpy =+ Hpy Hpy =+ Hpy Caux,P
[0091] A multi-channel transfer function Hyp4 may be defined according to:
[0092]  Huypa = [Hpaax - Hpap] =
T - T
Hyy - Hiy] [Hir - Hin Hy; -+ Hiy
[Hpri,l Hpri,N] : : : : : :
Hpy =+ Hpyl LHpy - Hpy Hpy -+ Hpy
[0093] It may then be seen that the noise measured by the primary receive coil is a

linear combination of the noise signals measured on all the auxiliary coils:

Caux,l
Cpri = [Hpax -+ Hpapl| & | (3)
Caux,P

[0094] Thus, given noise signals measured by P auxiliary sensors (e.g., the Fourier
transforms of which are given by Cg,,; for 1 < i < P), the above equation may be used to
estimate the noise signal received at the primary receive coil (e.g., the Fourier transform of
which is given by C,,;). In turn, the estimated noise signal may be subtracted from the overall
signal measured by the primary receive coil (which signal would have both an MR signal
component and a noise component) to perform noise suppression.

[0095] However, to use the above equation (3), an estimate of the multichannel
primary-to-auxiliary transfer function Hyps = [Hparci *** Hparc,p] is needed. This may
be achieved in any suitable way and, in some embodiments, may be done by making multiple
measurements using the primary receive coil and the auxiliary sensors (e.g., at a time when
there is no MR signal present) and using these measurements to estimate the multichannel
primary-to-auxiliary transfer function. For example, given M measurements of noise signals
at each of the P auxiliary sensors and the primary receive coil, the Hy;p, may be estimated for
each frequency component w; (where k is an index over frequency bins) using least squares

estimation according to:
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Hpyg(wi) Saux1 (@)1 = Sauxp (@i auxl(wk)l  Saqux,p (Wi )
: = : g : X
Hpyp(wy) Saux1(@Kdy auxp(wk)M] I auxl(wk)M o Saquep(@Widy
Saux,l.(wk)l © Sauxp (@i pri (wk)l
Sauxa(@w auxp(wk)M] I Sori @]

where Sy, i (wy)m represents the value of the kth frequency bin of the Fourier transform of
the mth measured signal obtained by the ith auxiliary sensor, and where S, (Wx)m
represents the value of the kth frequency bin of the Fourier transform of the mth measured
signal obtained by the primary receive coil. This least-squares approach provides the most
complete correction when the columns of the following matrix are as orthogonal as possible

to one another:

Hyy - Hiy
Hpy -+ Hpy
[0096] Put another way, each auxiliary sensor may detect some or all of the different

noise sources in a unique way from other auxiliary sensors. In order to correct for the
presence of near field sources, multiple sensors may be placed in different locations to be
more or less sensitive to some of the noise sources. In some embodiments, multiple sensors
may be oriented orthogonally to one another (e.g., one sensor may be oriented in an “X”
direction, another sensor may be oriented in the “Y” direction, and another sensor may be
oriented in a “Z” direction). In this way, each vector of the time varying interference fields
may be captured. It may also be beneficial to use one or more antennas as an auxiliary sensor
to provide another orthogonal measurement.

[0097] It should be appreciated that the techniques described herein facilitate
detecting noise in the environment of an MRI system using any number and/or type of sensor
suitable for detecting noise produced by respective noise sources. As a result, noise from a
variety of sources that may impact the performance of the MRI system may be detected and
used to suppress and/or eliminate noise from MR signals detected by the MRI system during
operation. Because techniques described herein operate on the particular noise environment
of the MRI system, the noise suppression techniques described herein facilitate deployment
of an MRI system wherever the system may be needed, eliminating the requirement that the
system be installed in specially shielded rooms. The ability to dynamically adapt to changing

noise environments facilitates development of MRI systems that can be deployed in generally
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noisy environments, including environments where noise sources may change over time.
Because techniques described herein can be utilized during operation of the MRI system, the
noise environment can be characterized dynamically so that it reflects the same noise
environment to which the system is currently being exposed. When utilized in connection
with a low-field MRI system, a cost effective, high availability and transportable MRI
solution may be achieved in part using the noise suppression techniques described herein.

[0098] Having thus described several aspects and embodiments of the technology set
forth in the disclosure, it is to be appreciated that various alterations, modifications, and
improvements will readily occur to those skilled in the art. Such alterations, modifications,
and improvements are intended to be within the spirit and scope of the technology described
herein. For example, those of ordinary skill in the art will readily envision a variety of other
means and/or structures for performing the function and/or obtaining the results and/or one or
more of the advantages described herein, and each of such variations and/or modifications is
deemed to be within the scope of the embodiments described herein. Those skilled in the art
will recognize, or be able to ascertain using no more than routine experimentation, many
equivalents to the specific embodiments described herein. It is, therefore, to be understood
that the foregoing embodiments are presented by way of example only and that, within the
scope of the appended claims and equivalents thereto, inventive embodiments may be
practiced otherwise than as specifically described. In addition, any combination of two or
more features, systems, articles, materials, kits, and/or methods described herein, if such
features, systems, articles, materials, kits, and/or methods are not mutually inconsistent, is
included within the scope of the present disclosure.

[0099] The above-described embodiments can be implemented in any of numerous
ways. One or more aspects and embodiments of the present disclosure involving the
performance of processes or methods may utilize program instructions executable by a device
(e.g., a computer, a processor, or other device) to perform, or control performance of, the
processes or methods. In this respect, various inventive concepts may be embodied as a
computer readable storage medium (or multiple computer readable storage media) (e.g., a
computer memory, one or more floppy discs, compact discs, optical discs, magnetic tapes,
flash memories, circuit configurations in Field Programmable Gate Arrays or other
semiconductor devices, or other tangible computer storage medium) encoded with one or
more programs that, when executed on one or more computers or other processors, perform
methods that implement one or more of the various embodiments described above. The

computer readable medium or media can be transportable, such that the program or programs
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stored thereon can be loaded onto one or more different computers or other processors to
implement various ones of the aspects described above. In some embodiments, computer
readable media may be non-transitory media.

[0100] The terms “program” or “software’ are used herein in a generic sense to refer
to any type of computer code or set of computer-executable instructions that can be employed
to program a computer or other processor to implement various aspects as described above.
Additionally, it should be appreciated that according to one aspect, one or more computer
programs that when executed perform methods of the present disclosure need not reside on a
single computer or processor, but may be distributed in a modular fashion among a number of
different computers or processors to implement various aspects of the present disclosure.

[0101] Computer-executable instructions may be in many forms, such as program
modules, executed by one or more computers or other devices. Generally, program modules
include routines, programs, objects, components, data structures, etc. that perform particular
tasks or implement particular abstract data types. Typically the functionality of the program
modules may be combined or distributed as desired in various embodiments.

[0102] Also, data structures may be stored in computer-readable media in any suitable
form. For simplicity of illustration, data structures may be shown to have fields that are
related through location in the data structure. Such relationships may likewise be achieved
by assigning storage for the fields with locations in a computer-readable medium that convey
relationship between the fields. However, any suitable mechanism may be used to establish a
relationship between information in fields of a data structure, including through the use of
pointers, tags or other mechanisms that establish relationship between data elements.

[0103] The above-described embodiments of the present invention can be
implemented in any of numerous ways. For example, the embodiments may be implemented
using hardware, software or a combination thereof. When implemented in software, the
software code can be executed on any suitable processor or collection of processors, whether
provided in a single computer or distributed among multiple computers. It should be
appreciated that any component or collection of components that perform the functions
described above can be generically considered as a controller that controls the above-
discussed function. A controller can be implemented in numerous ways, such as with
dedicated hardware, or with general purpose hardware (e.g., one or more processor) that is
programmed using microcode or software to perform the functions recited above, and may be
implemented in a combination of ways when the controller corresponds to multiple

components of a system.
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[0104] Further, it should be appreciated that a computer may be embodied in any of a
number of forms, such as a rack-mounted computer, a desktop computer, a laptop computer,
or a tablet computer, as non-limiting examples. Additionally, a computer may be embedded
in a device not generally regarded as a computer but with suitable processing capabilities,
including a Personal Digital Assistant (PDA), a smartphone or any other suitable portable or
fixed electronic device.

[0105] Also, a computer may have one or more input and output devices. These
devices can be used, among other things, to present a user interface. Examples of output
devices that can be used to provide a user interface include printers or display screens for
visual presentation of output and speakers or other sound generating devices for audible
presentation of output. Examples of input devices that can be used for a user interface
include keyboards, and pointing devices, such as mice, touch pads, and digitizing tablets. As
another example, a computer may receive input information through speech recognition or in
other audible formats.

[0106] Such computers may be interconnected by one or more networks in any
suitable form, including a local area network or a wide area network, such as an enterprise
network, and intelligent network (IN) or the Internet. Such networks may be based on any
suitable technology and may operate according to any suitable protocol and may include
wireless networks, wired networks or fiber optic networks.

[0107] Also, as described, some aspects may be embodied as one or more methods.
The acts performed as part of the method may be ordered in any suitable way. Accordingly,
embodiments may be constructed in which acts are performed in an order different than
illustrated, which may include performing some acts simultaneously, even though shown as
sequential acts in illustrative embodiments.

[0108] All definitions, as defined and used herein, should be understood to control
over dictionary definitions, definitions in documents incorporated by reference, and/or
ordinary meanings of the defined terms.

[0109] The indefinite articles “a” and ““an,” as used herein in the specification and in
the claims, unless clearly indicated to the contrary, should be understood to mean “at least
one.”

[0110] The phrase “and/or,” as used herein in the specification and in the claims,
should be understood to mean “‘either or both™ of the elements so conjoined, i.e., elements
that are conjunctively present in some cases and disjunctively present in other cases.

Multiple elements listed with “and/or”” should be construed in the same fashion, i.e., “one or
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more” of the elements so conjoined. Other elements may optionally be present other than the
elements specifically identified by the “and/or” clause, whether related or unrelated to those
elements specifically identified. Thus, as a non-limiting example, a reference to “A and/or
B”, when used in conjunction with open-ended language such as “comprising” can refer, in
one embodiment, to A only (optionally including elements other than B); in another
embodiment, to B only (optionally including elements other than A); in yet another
embodiment, to both A and B (optionally including other elements); etc.

[0111] As used herein in the specification and in the claims, the phrase “at least one,”
in reference to a list of one or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elements, but not
necessarily including at least one of each and every element specifically listed within the list
of elements and not excluding any combinations of elements in the list of elements. This
definition also allows that elements may optionally be present other than the elements
specifically identified within the list of elements to which the phrase “at least one” refers,
whether related or unrelated to those elements specifically identified. Thus, as a non-limiting
example, “at least one of A and B” (or, equivalently, “at least one of A or B,” or, equivalently
“at least one of A and/or B”) can refer, in one embodiment, to at least one, optionally
including more than one, A, with no B present (and optionally including elements other than
B); in another embodiment, to at least one, optionally including more than one, B, with no A
present (and optionally including elements other than A); in yet another embodiment, to at
least one, optionally including more than one, A, and at least one, optionally including more
than one, B (and optionally including other elements); etc.

[0112] Also, the phraseology and terminology used herein is for the purpose of

"nn

description and should not be regarded as limiting. The use of "including," "comprising," or

"o << 29 <<

"having," “containing,” “involving,” and variations thereof herein, is meant to encompass

the items listed thereafter and equivalents thereof as well as additional items.

[0113] In the claims, as well as in the specification above, all transitional phrases

29 <¢ 29 << 29 <<

containing,” “involving,”

29 <<

such as “comprising,” “including,” “carrying,” “having,
“holding,” “composed of,” and the like are to be understood to be open-ended, i.e., to mean
including but not limited to. Only the transitional phrases “consisting of”” and “consisting

essentially of”” shall be closed or semi-closed transitional phrases, respectively.
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[0114] The reference in this specification to any prior publication (or information
derived from it), or to any matter which is known, is not, and should not be taken as an
acknowledgment or admission or any form of suggestion that that prior publication (or
information derived from it) or known matter forms part of the common general knowledge

in the field of endeavour to which this specification relates.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A method of suppressing noise in an environment of a low-field magnetic resonance
imaging system configured to generate a By field of approximately 0.2T or less and
comprising at least one primary coil arranged within a field of view of the magnetic
resonance imaging system and configured to detect magnetic resonance signals produced by a
sample when positioned within the field of view, and at least one auxiliary sensor comprising
at least one auxiliary coil arranged outside the field of view, the method comprising:

obtaining a first plurality of calibration measurements from the environment by the at
least one primary coil and a second plurality of calibration measurements from the
environment by the at least one auxiliary sensor;

estimating an amplitude and a phase of a transfer function based on the first plurality
of calibration measurements and the second plurality of calibration measurements for each of
a plurality of frequency bins across a spectrum of interest, wherein the transfer function,
when applied to a noise signal received by the at least one auxiliary coil, provides an estimate
of noise received by the at least one primary coil;

estimating noise present in a magnetic resonance signal received by the at least one
primary coil based at least in part on the transfer function; and

suppressing noise in the magnetic resonance signal using the noise estimate.

2. The method of claim 1, wherein estimating noise present in the magnetic resonance
signal comprises applying the transfer function to a noise signal received by the at least one
auxiliary coil concurrently with the at least one primary coil receiving the magnetic

resonance signal.

3. The method of claim 1, wherein each of the first plurality of calibration measurements
1s obtained substantially at a same time as a respective one of the second plurality of

calibration measurements.
4. The method of claim 1, wherein the at least one auxiliary coil comprises a plurality of

auxiliary coils, and wherein the transfer function is estimated using a plurality of calibration

measurements obtained from the environment by each of the plurality of auxiliary coils.

34
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5. The method of claim 4, wherein each of the plurality of auxiliary coils is positioned at

a different respective location.

6. The method of claim 4, wherein at least one of the plurality of auxiliary coils is of a

different type than at least one other auxiliary coil.

7. The method of claim 4, wherein estimating the noise comprises applying the transfer
function to a noise signal received by each of the plurality of auxiliary coils and obtained
substantially at a same time as the at least one primary coil receives the magnetic resonance

signal.

8. The method of claim 1, wherein the at least one auxiliary sensor further includes a

sensor coupled to a power line to suppress environmental noise produced by the power line.

9. The method of claim 1, wherein the low-field magnetic resonance imaging system is

configured to generate a By field of approximately .1T or less.

10.  The method of claim 1, wherein the low-field magnetic resonance imaging system is

configured to generate a By field of approximately 20mT or less.

11.  The method of claim 1, wherein obtaining the second plurality of calibration
measurements from the environment by the at least one auxiliary sensor comprises obtaining

at least ten calibration signals using the at least one auxiliary sensor.
12. The method of claim 1, wherein obtaining the second plurality of calibration
measurements from the environment by the at least one auxiliary sensor comprises obtaining

at least one hundred calibration signals using the at least one auxiliary sensor.

13.  The method of claim 1, wherein the at least one auxiliary coil has a larger aperture

and/or a greater number of turns than the at least one primary coil.

14. The method of claim 1, wherein a discrete Fourier transform of each calibration

measurement of the first plurality of calibration measurements and of the second plurality of

35
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calibration measurements provides the frequency value for each frequency bin of the plurality

of frequency bins.

15. A low-field magnetic resonance imaging, MRI, system configured to generate a Bo
field of approximately 0.2T or less comprising:

at least one primary coil arranged within a field of view of a magnetic resonance
imaging system and configured to detect magnetic resonance signals produced by a sample
when positioned within the field of view;

at least one auxiliary sensor comprising at least one auxiliary coil arranged outside the
field of view; and

at least one controller configured to perform a method as claimed in any of claims 1

to 14.
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