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The high-performance low-field magnetic resonance imaging (MRI) system,
equipped with modern hardware and contemporary imaging capabilities, has
garnered interest within the MRI community in recent years. It has also been
proven to have unique advantages over high-field MRI in both physical and
cost aspects. However, for susceptibility weighted imaging (SWI), the low
signal-to-noise ratio and the long echo time inherent at low field hinder
the SWI from being applied to clinical applications. This work optimized the
imaging protocol to select suitable parameters such as the values of time of
echo (TE), repetition time (TR), and the flip angle (FA) of the RF pulse according
to the signal simulations for low-field SWI. To improve the signal-to-noise
ratio (SNR) performance, averaging multi-echo magnitude images and BM4D
phase denoising were proposed. A comparison of the SWIin 0.5T and 1.5T was
carried out, demonstrating the capability to identify magnetic susceptibility
differences between variable tissues, especially, the blood veins. This would
open the possibility to extend SWI applications in the high-performance low
field MRI.

SWI, low-field, 0.5T MRI, protocol optimization, SNR improvement

Introduction

Susceptibility-weighted imaging (SWI) is especially helpful in finding hemorrhage in
traumatic brain injury and can also characterize cerebral microbleeds, occult low-flow
vascular malformations, intracranial calcifications, neurodegenerative diseases (Haacke
et al., 1997; Bartzokis et al., 2000; Halefoglu and Yousem, 2018). Phase information in
SWTI is used to emphasize the magnetic susceptibility differences of various compounds,
such as deoxygenated blood, blood products, iron, and calcium, to provide a new source
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of contrast in MR (Haacke et al., 1995, 2004; Reichenbach
et al, 1997). SWI shows better results in higher fields
than in lower fields because the signal-to-noise ratio (SNR)
increases with the field strength (Hoult et al., 1986; Sarracanie
and Salameh, 2020; Runge and Heverhagen, 2022), and
it is easier to get the optimum contrast for veins at
high fields with much shorter echo times than that at
low fields (Haacke et al, 2009). Since high-field MRI
machines are expensive, heavy and need pricey annual
maintenance costs, low field MRI machines gain an edge
by their potential to offer reduced costs and reduced
footprints translating into wider accessibility. Low field
MRI can have key competitive advantages such as compact
fringe fields, smaller-size, lighter-weight, more economic
magnets, easier siting and installation requirements (Coffey
et al, 2013; Stainsby et al., 2019, 2020; Wiens et al,
2020). Especially, Siemens has announced a low-field MRI,
MAGNETOM Free. Max system, which combines low field
strength (0.55T) with high-performance imaging technology
and shows excellent image quality (Campbell-Washburn et al,,
2019; Sheth et al.,, 2021). Meanwhile, Synaptive Medical has
launched their recently FDA-approved 0.5T head-only MRI and
discussed advantages in imaging at low-field compared with
traditional high-field MRI (Marques et al., 2021; Jimeno et al,,
2022).

Although lower main magnetic field strength magnets result
in lower SNR, there are several unique physical advantages of

low-field MRI compared to high-field MRI. First, T1 is shorter
and T2 is longer under lower fields (Campbell-Washburn et al,,
2019), which helps shorten TR as well as allows more SNR-
efficient sampling. This would allow some imaging sequences to
employ longer echo trains at low fields. Moreover, susceptibility-
induced magnetic field gradients scale with By, geometric
distortion and blurring can be reduced due to the slower T2*
decay at lower fields (Osmanodja et al., 2022). Low fields
are also gaining more momentum because of the reduced
SAR and the comfort level of patients (Stainsby et al., 2020;
Bhat et al, 2021; Runge and Heverhagen, 2022; Wujciak,
2022). Furthermore, the susceptibility-based image artifacts
caused by the changes in susceptibilities moving from air to
tissue or by the metal implants are significantly reduced when
the field strength decreases (Ejbjerg et al., 2005; Campbell-
Washburn et al.,, 2019). Recently, studies of DWI and TOF
MRI have shown the high-quality diagnostic values of low-field
images (Hori et al., 2006; Runge and Heverhagen, 2022). With
the help of a high-performance gradient system, pulmonary
imaging of diffuse lung disease or focal pneumonia, which
has not been evaluated by MRI in the past, shows good
contrast and details at the low field (Hori et al,, 2006). Though
the quality of the SWI images improves substantially with
increased field strength, with the new generation advanced
low-field systems, it is possible to obtain SWI images with
some initial results (Hori et al., 2021), while deserves further
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investigations to extend the SWI clinical applications at low
fields.

In this study, we aim to make use of the physical advantages
of the low field MRI to optimize imaging protocol to obtain
SWI images as well as apply some denoising methods to
improve the results. We optimized the values of time of
echo (TE), repetition time (TR), and the flip angle (FA) of
the RF pulse according to the decay law of the signal at
0.5T for SWI (Haacke et al, 2009). In order to improve the
SNR performance of low-field images, principal component
analysis and BM4D denoising method were adopted for
denoising. In addition, we averaged the magnitude images
obtained from multiple echo acquisitions to improve the SNR
further. The SWI images acquired at 1.5T and 0.5T were
compared for a better understanding of the SWT features at low
fields.

Methods

Susceptibility effect considerations in
0.5T

Susceptibility-weighted imaging is generally acquired by a
high-resolution 3D gradient-echo (GRE) sequence (Tong et al.,
2008; Wu et al., 2009; Schweser et al., 2010). SWI makes use
of the information of both phase and magnitude (Barnes and
Haacke, 2009). To process the data in SWI, we applied phase
unwrapping, and then used a high-pass filter to remove low-
frequency fluctuations (Wang et al., 2000; Santhosh et al., 2009;
Liu et al,, 2015). A phase mask is next created to scale data from
the filtered phase images over a 0-1 range (Wang et al., 2006;
Wu et al,, 2009). The magnitude image is digitally multiplied by
this phase mask several times to highlight tissues with different
susceptibilities. We can express the local phase difference as
(Haacke et al., 2009).

A = —ygAXBoTE 1)

where g is a geometric factor, Ay is the difference of the
local magnetic susceptibility of the tissue of interest from its
surrounding, and By is the field strength.

According to the susceptibilities of biological tissues (Saini
et al,, 1988; Schenck, 1996), for example, deoxygenated blood
has Ax= 0.45 ppm relative to surrounding tissue, iron
containing proteins have an approximately Ay = 0.21 ppm with
respect to cerebrospinal fluid (CSF), to make the susceptibility
difference in phase of different tissues well-marked, A¢ should
be large enough. According to Eq. 1 and clinical experience of
adequate A, the optimized TE at 0.5T becomes approximately
80-120 ms. However, long TE degrades the magnitude of the
image, leading to low SNR. When considering whether the
magnitude of the image is sufficient, we need to consider the
attenuation formula of the signal.
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TR/TE/FA considerations for
susceptibility weighted imaging in 0.5T

The magnitude signal intensity for the RF-spoiled gradient-
echo sequence is given by

[1ee(i)]
EEEe)

where py is the tissue spin density, TR is the repetition time, TE

pm (0) = posind exp (— 7?2%) X (2)

is the time of echo, T1 is the tissue longitudinal relaxation time
constant, T2* is the corresponding transverse relaxation time
constant and 0 is the angle by which the magnetization is tipped.

Based on the T1 and T2* values of white matter (WM), gray
matter (GM), and CSF at 0.5T and 1.5T from the literature as
shown in Table 1 (Peters et al., 2007; Campbell-Washburn et al.,
2019), we can optimize the image contrast that the GM/WM
contrast is almost nonexistent. A slightly higher FA is chosen
to partially suppress partially the CSE, making it slightly darker
than GM or WM so that edema can appear hyperintense. For
patients with tumors, this method is able to demonstrate not
only the peritumoral edema but also the bleeding inside the
tumor (Haacke et al., 2009).

The signal-intensity behavior was first simulated as a
function of flip angles for the given TR and TE, then parameters
were chosen to satisfy the spin-density-like magnitude contrast
requirements as well as achieve a relatively higher signal
intensity. A certain length of TE also needs to be guaranteed
to provide observable susceptibility differences between
different tissues.

Signal-to-noise ratio improvement for
susceptibility weighted imaging in 0.5T

Due to the long TE requirement for revealing susceptibility
effects in the 0.5T MRI, the SNR is inherently reduced. However,
as the magnitude images from adjacent multi-echo acquisitions
are similar due to the relative flat T2* decay at low fields, an
average of the magnitude images obtained from a few echoes
in the multi-echo acquisition can be used to improve the SNR.
When selecting the echoes for averaging, the contrast of the
images obtained from the echoes, should meet the similar-
contrast requirements of SWI, where the GM/WM contrast is
almost nonexistent and CSF is slightly darker. Moreover, due to
excessive noise in some coils at low fields, a principal component
analysis method is used to extract the data obtained by the
first few principal components to achieve high quality images.
In order to further improve the SWI results, the state-of-the-
art the denoising algorithm BM4D can be used for denoising
the phase map. BM4D is a four-dimensional block matching
cooperative filtering, which has a good performance when it is
used to remove Gaussian noise and Rician noise.
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TABLE 1 Parameter table for 0.5T and 1.5T (Peters et al., 2007;
Campbell-Washburn et al., 2019).

Magnetic field (T) Tissue T1 (ms) T2* (ms)

0.5 White matter 493 72
Gray matter 717 86
Cerebrospinal fluid 2,200 200

1.5 White matter 780 64
Gray matter 920 83
Cerebrospinal fluid 2,500 100

Experimental

Experiments were performed at 0.5T and 1.5T systems on
five healthy volunteers, who provided written informed consent,
and followed procedures approved by our local Institutional
Review Board. The high-performance 0.5T MRI system was
ramped down from a customized 1.5T system developed by
Wuxi Marvel Stone Healthcare while the 1.5T system used is the
Siemens Aera 1.5T scanner (Siemens Healthineers, Erlangen,
Germany). The GRE sequence parameters for 1.5T system were
TR = 55 ms, TE = 40 ms, matrix size = 192 x 192 x 64,
spatial resolution = 1.2 mm x 1.2 mm x 2 mm, flip
angle = 20°. While the sequence parameters for the 0.5T
system were TR = 90 ms, TE = 80 ms in single-echo
sequence, TR = 90 ms, TE = 30, 40, 50, 60, 70, and 80 ms
192 x 192 x 64,

1.2 mm x 12 mm x 2 mm, flip

in multi-echo sequence, matrix size =
spatial resolution =
angle = 20°.

Results

Susceptibility weighted imaging results
from 0.5T

The SWI processing is illustrated with a representative slice
from the 0.5T in vivo acquisition as shown in Figure 1. Before
getting the susceptibility weighted image, we need to get HP-
filtered phase images, design the “phase mask” to enhance the
contrast in the original magnitude and get the projection over
10 slices. A phase profile plot (Figure 1E) from the red line
indicated in Figure 1A shows the phase difference of the tissues,
such as WM, GM, CSF as well as veins, depending on their
susceptibilities. All the results from five volunteers are listed in
Supplementary Figure 1.

TR/TE/FA optimization results

A signal-intensity simulation based on Eq. 2 is given for
WM, GM, and CSF at 0.5T when TE = 80 ms, TR = 90 ms
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(A) The original phase image was filtered with a central filter size of 64 x 64 to get the HP-filtered phase image. (B) The phase mask. (C) The raw
magnitude image. (D) Susceptibility weighted imaging (SWI) image by using a minimum intensity projection. (E) Phase profile from a row of the

filtered-phase image [the red line in panel (A)].
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(A) A signal-intensity simulation plot as a function of flip angle for gray matter (GM), cerebrospinal fluid (CSF), and white matter (WM) at 0.5T with
TE = 80 ms, TR = 90 ms. Panel (B,C) show the raw magnitude image and susceptibility weighted imaging (SWI) image when the flip angle is 20°.

in Figure 2. The intensity contrast of the different tissues
of the raw image in Figure 2B fits the simulation curve
of Figure 2A. The GM/WM contrast is almost nonexistent
and CSF is suppressed and darker than the GM/WM. The
magnitude image as shown in Figure 2B has a reasonable
SNR of 47.1067 as calculated which the mean of the signal
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at the center (24 x 24) of the image divided by the
variance of the signal at the four comers (24 x 24) of
the image. The long TE at the low field could provide
sufficient susceptibility effects between different tissues, the
SWI image shows a pretty nice structure of veins as shown in
Figure 2C.
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(A) The last three-echo magnitude images with TE = 60, 70, and 80 ms, were chosen to be averaged. (B) The averaged magnitude image.
(C) The phase image of the last echo acquisition with TE of 80 ms. (D) The averaged magnitude image and the phase image of the last echo
were applied to the susceptibility weighted imaging (SWI) processing to improve the signal-to-noise ratio (SNR) of the result. (E) The original

SWI mlP result with a lower SNR.

Denoised improvements

Figure 3 shows the SWI results by averaging the magnitude
images of the last three echoes to improve the SNR performance.
As shown in Figures 3A,B, the averaged magnitude image
has the similar contrast to the magnitude images of the last
three echoes. The phase map from the last echo acquisition is
shown in Figure 3C and is later combined with the averaged
magnitude image for further SWI processing. The minimum
intensity projection of SWT is shown in Figure 3D with a SNR
of 46.3 compared to the original mIP image (Figure 3E) with
a SNR of 39.3. Clearer structure of veins can be seen with
this SNR improvement. Figure 4 compares the SWI results by
averaging the magnitude images of the last three echoes and
all six echoes. The more echoes used for averaging, the greater
SNR improvement can be achieved. However, for the SWI result
after averaging all six echoes, it is difficult to distinguish blood
vessels from CSF as indicated by the red arrows, because the
contrasts of the first three echoes may not satisfy the similar
contrast requirements.

The results with a further SNR improvement using BM4D
denoising are shown in Figure 5. The original phase image
is quite noisy due to the long echo time acquisition with
TE = 80 ms as shown in Figure 4A, while the denoised phase
image keeps the fine phase information. It can be seen from
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FIGURE 4

(A) The susceptibility weighted imaging (SWI) result was
obtained through averaging the magnitude images of the last
three echoes where TE = 60, 70, and 80 ms. (B) The SWI result
was obtained through averaging the magnitude of all six echoes
where TE = 30, 40, 50, 60, 70, and 80 ms

Figure 5D that denoising can effectively improve the SNR,
making the differences between different tissues larger, the target
blood vessels clearer, and the background less noisy.

0.5T vs. 1.5T comparisons

The comparison between the results from the 0.5T and
1.5T MRI is shown in Figure 6. It can be seen that high-field
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FIGURE 5

(A) The original phase image. (B) The original phase image was
denoised using BM4D method to get the denoised phase image.
(C) The average magnitude image of the last three echoes.

(D) The averaged magnitude image and the denoised phase
image were applied to the susceptibility weighted imaging (SWI)
processing to improve the signal-to-noise ratio (SNR) of the
result

MRI can display some small blood vessels more clearly (red
arrows in Figures 6B,D), while SWI images in 0.5T are also of
good diagnostic value (red arrows in Figures 6A,C). Due to the
different T2* decay at 0.5T and 1.5T, some signals at 0.5T decay
more slowly than at 1.5T. For example, the skull and extracranial
lipid are barely visible at 1.5T (green arrows in Figure 6), but is
relatively clearer at 0.5T. Interesting, some details are difficult
to identify at 0.5T compared to 1.5T, such as the red nucleus
(yellow arrows in Figure 6).

Discussion

In this work, we have shown that the protocol optimization
and denoising method can improve SNR-starved SWI images
acquired at low magnetic fields. We also proposed an innovative
way to improve the image quality by averaging the magnitude
images of several echoes, which takes full advantage of the
relative flat T2* decay at low fields. Although some small blood
vessels can be observed clearly in the 0.5T data after imaging
protocol optimization and denoising, when the results at 0.5T
are compared with those at 1.5T, the SNRs of the SWI images at
0.5T are relatively lower, and some tissues are indistinguishable.
Furthermore, the clinical significance of the SWI images at 0.5T
still needs further clinical verification.

In addition, in order to improve the scan efficiency,
subsampling reconstruction techniques are expected to be
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1.5T

0.5T

FIGURE 6

The comparison results of two representative slices from the
same subject MRI scanning at 0.5T and 1.5T. (A,C) The
magnitude-weighted susceptibility weighted images at 0.5T.
(B,D) The magnitude-weighted susceptibility weighted images
at 1.5T. Some small vessels are marked in red arrows, the red
nucleus is marked in yellow arrows, the skull and extracranial
lipid are marked in green arrows.

applied to speed up sampling at low fields. While subsampling
is very likely to further reduce the low SNR inherent in
low-field MRI systems, we can improve it by using deep
learning denoising techniques, which have provided high image
quality sufficient for clinical applications at low fields in some
studies (Zhu et al,, 2018; Koonjoo et al,, 2021). State-of-the-
art denoising methods like BM4D were used in this work,
which is based on nonlocal self-similarity image prior models,
are popular and effective denoisers that generally act on the
reconstructed magnitude images. However, these approaches
typically employ time-consuming iterative optimizations that
suffer from generalization to multiple noise levels. Deep learning
can learn the noise and subtract it from the image to form its
model, which needs less calculating time. What’s more, deep
learning for subsampling strategy can also be considered for
speeding up magnetic resonance imaging (Hyun et al,, 2018;
Bahadir et al., 2019). It is possible to develop more efficient
and effective learning procedures for denoising or subsampling
reconstruction for further improvement.

Conclusion

In summary, this article optimized the imaging protocol to
select suitable parameters such as the values of TE, TR, and
the FA of the RF pulse according to the signal simulations
for low-field SWI. Averaging multi-echo magnitude images
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and BM4D phase denoising were proposed to improve the
SNR performance. From the SWI result obtained at 0.5T with
the optimized parameters, we could identify the susceptibility
difference between variable tissues and the target blood vessels
clearly. When comparing the original image with the denoised
image, significantly improved image SNR was observed. The
SWI results at 0.5T demonstrated the capability to identify
magnetic susceptibility differences between variable tissues,
especially, the blood veins. This would open the possibility to
use SWI in the high-performance low field MRI.
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