Clinical - Neurological Imaging

MAGNETOM Flash (87) 2/2024

Advances in Susceptibility-Weighted
Imaging (SWI) and Quantitative Susceptibility

Mapping (QSM)

Josef Pfeuffer', Korbinian Eckstein?, Ashley Wilton Stewart?, Marcel Dominik Nickel', Jin Jin?, Heiko Meyer?,

Steffen Bollmann?, Kieran O’Brien3

'Application Development, Siemens Healthineers AG, Erlangen, Germany

2The University of Queensland, Brisbane, Australia
3Siemens Healthcare Pty Ltd, Brisbane, Australia

Objectives

* Demonstrate enhanced performance of susceptibility-
weighted imaging (SWI) in high-susceptibility
brain regions (e.g., frontal lobe, ear canals) through
improved phase processing.

* Achieve signal-to-noise improvements in SWI via
the utilization of multi-echo SWI acquisition and
processing techniques.

* Provide a comprehensive overview of processing
methodologies and algorithms applied in the genera-
tion of quantitative susceptibility mapping (QSM)
and susceptibility map-weighted imaging (SMW]).

* Demonstrate the advantages gained from using 3D
deep learning k-space-to-image reconstruction
(Deep Resolve Boost).

* Enable visualization of nigrosome 1 “swallow tail”
patterns in the substantia nigra using a 0.65 mm
isotropic protocol, accomplished within a three-minute
acquisition.

The data shown in this article uses research sequences and
scanner inline reconstructions at 3 Tesla' with software
version syngo MR XA60. The 3T MR scanners include
MAGNETOM Vida, MAGNETOM Skyra, and MAGNETOM
Prisma. Three-dimensional gradient-echo imaging
(3D-GRE) and 3D echo-planar imaging (3D-EPI) sequences
are used in this article.

Introduction

There has been a growing interest in image contrasts
derived from phase images obtained from T2*-weighted
gradient-echo (GRE) acquisitions. The fundamental
principles of Susceptibility-Weighted Imaging (SWI) were
comprehensively expounded by J. R. Reichenbach and

E. M. Haacke [1] in 2001. SWI is now a highly valuable
contrast for a wide range of clinical applications.

Valuable insights into the evolution and application of SWI
principles can be found in the related references [2-5]. The
recently proposed treatments for Alzheimer’s disease will
likely increase the utilization of SWI to regularly monitor
potential side effects. These “Disease-Modifying Therapies”
(DMT) rely on serial MR imaging with T2*-weighted and/or
SWI imaging to check for the presence of microhemor-
rhages and superficial siderosis known as Amyloid-Related
Imaging Abnormalities of Hemorrhage (ARIA-H) [6]. The
recent Wave-CAIPI SWI product, illustrated in Figure 1,
could be a useful addition to this clinical application.
Another phase imaging-based technique known as
Quantitative Susceptibility Mapping (QSM) [4, 7-9] can
also provide additional information about the apparent
magnetic susceptibility of underlying tissues. QSM can
provide information about the “biometal” content in
tissues, including paramagnetic iron (Fe?*), contrast agents
(Gd, Fe?*), and diamagnetic calcium (Ca?*). QSM has the
potential to provide new clinical insights into a variety
of diseases, allowing for enhanced understanding and
diagnosis. Examples include the following:

* Inflammation and Multiple Sclerosis (MS) [4, 10-13]

* Calcification [4] versus hemorrhaging in the brain [14]
and in tumors [15]

* Support for presurgical planning for Parkinson’s
disease [16, 17]

* Iron accumulation in normal aging and in
neurodegenerative diseases [18-24]

« Iron overload in the liver [25]

* Bone mineralization [26]

QSM reconstruction involves several sophisticated process-
ing steps which are currently relegated to offline execution
instead of using streamlined inline processing on the
scanner. Furthermore, even though both SWI and QSM
rely on the same underlying data, the lack of compatibility
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between the various processing techniques in existing soft-
ware pipelines has hindered the seamless dual application
of SWI and QSM post-processing steps.

In this work, we will showcase results from a research
implementation which explored further enhancements to
clinical GRE acquisitions attainable through the incorpora-
tion of parallel imaging in both directions with CAIPIRINHA
acceleration, and adopting multi-echo acquisitions with
suitable echo combinations. The SWI reconstruction pipe-
line on the scanner was extended to enable compatibility
with advanced acceleration techniques, including CAIPIR-
INHA. The pipeline also utilizes an additional Laplacian
unwrapping pre-processing step before high-pass filtering,
and supports multi-echo datasets.

Magnitude and phase images were previously export-
ed for processing in offline QSM packages. The reconstruc-
tion pipeline of the research implementation sequence
includes two research QSM methods: TGV and MEDI, as
detailed below. These methods run parallel to SWI, provid-
ing SWI, QSM maps, and QSM-derived images inline.

Lastly, the benefits of more efficient 3D-EPI sequences
are also showcased for both SWI and QSM. This is made
possible by integrating a novel deep learning k-space-to-
image-space reconstruction. Through the utilization of the
new 3D Deep Resolve Boost and super-resolution 3D Deep

Current standard SWI

iPAT 4
TA 2:58 min

No compromise in 1Q
Significantly faster

TA 1:46 min
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Resolve Sharp features, now available on MAGNETOM
scanners, the imaging capabilities for both SWI and QSM
applications are further amplified.

Improved Susceptibility-Weighted Imaging
(SW1)

The recently available product Wave-CAIPI SWI is an innova-
tive SWI technique exclusive to Siemens Healthineers

[27, 28]. Figure 1 compares the speed and image quality
of Wave-CAIPI SWI to current standard SWI, obtained using
a MAGNETOM Vida with a voxel size of 0.6 x 0.6 x 2.0 mm?®.
This novel SWI approach allows for a substantial accelera-
tion in diagnostic single-echo 3D-SWI, enabling imaging in
half the acquisition time.

Multi-echo SWI data can be acquired with the research
application, and it incorporates 3D Laplacian phase
unwrapping for improved phase images. Imaging regions
of high susceptibility result in phase shifts greater than
=, characterized by black and white banding or aliasing
in the phase image. This artifact is commonly seen above
the paranasal sinuses and the ear canals. Adding a 3D
Laplacian unwrapping pre-processing step before the con-
ventional SWI reconstruction effectively removes the alias-
ing and reveals the smoother underlying phase change.

Diagnostic 3D SWI
in remarkable time

TA 1:19 min

n Comparison of product SWI and Wave-CAIPI SWI acquired on a 3T MAGNETOM Vida with a voxel size of 0.6 x 0.6 x 2.0 mm3. This novel SWI
technique, unique to Siemens Healthineers, can significantly accelerate diagnostic 3D-SWI and enables imaging twice as fast as standard SWI.
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Filtered phase SWI MinlP

SWI MinIP Filtered phase

Effect of improved phase processing for susceptibility-weighted imaging (SWI): filtered phase (left), SWIimage (middle) and minimum
intensity projection MinlIP (right). Artifacts are visible in regions with large off-resonances above the paranasal sinuses in the frontal lobe and
ear canals (top row), causing sudden phase changes or aliasing (phase wraps). They are visibly improved using phase unwrapping (bottom

row). The SWIimages are from an MS patient scanned with 3D-EPI at an echo time of 40 ms (2A) and multi-echo 3D-GRE

(ten TEs from 5 to 44 ms) (2B).

Data courtesy of Dr. Sylvie Grand and Professor Alexandre Krainik (CHU Grenoble), and Marylene Delcey (Siemens Healthineers, France).

Imaging parameters:
3D-EPI:
EF 11, TA 1:43 min.

3D-GRE: FOV 176 x256 mm?, 120 slices, resolution 0.41x0.39 x 1.0 mm? (interpolated), 10 TEs 5.3-44 ms, TE

BW 407 Hzl/px, PAT 3, TA 5:25 min.

Consequently, the resultant SWI images show improved
signal recovery with minimal artifacts in these areas of
high susceptibility.

The impact of enhanced phase processing on SWI is
illustrated in Figure 2. This MS patient was scanned using
a product 3D-EPI at an echo time of 40 ms (Fig. 2A) and
a product multi-echo 3D-GRE (ten echo times ranging
from 5 to 44 ms) (Fig. 2B). In the first row, the filtered
phase (left), SWI image (middle), and minimum intensity
projection (MinIP) (right) depicts phase aliasing artifacts in
regions with significant off-resonances (see arrows in the
frontal lobe and ear canals). These artifacts result from
the sudden phase wraps, which are difficult to resolve
with conventional SWI processing. In the bottom row, the
same images are presented after employing the Laplacian
phase unwrapping pre-processing step. This process visibly
improves the artifacts seen in the top row.
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FOV 169 x 200 mm?, 72 slices, resolution 0.39x0.39x 1.5 mm?3 (interpolated), TE 40 ms, TR 80 ms, FA 20°, BW 369 Hz/px, no PAT,

25 ms, TR50 ms, FA 15°,

average

To further demonstrate the ability of the multi-echo
3D-GRE acquisition to enhance the signal-to-noise ratio
compared to utilizing just a single echo, we present images
from another MS patient. (Fig. 3A) SWI images (top panel)
and SWI MinIP images (bottom) were captured using a
multi-echo 3D-GRE acquisition with ten echoes ranging
from 5 to 44 ms. Five out of the ten echo times are dis-
played, along with the combined images with an average
echo time of 25 ms. A comparison is made with a sin-
gle-echo acquisition on the left (Fig. 3B), highlighting

the visibly improved signal- and contrast-to-noise observed
in the combined images from the ten echoes. Various
weightings for the echo combination can be chosen,

such as equal weighting, echo-time-dependent weighting,
or user-defined custom weighting.
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TE 5.4 ms TE 14 ms TE 22 ms TE 31 ms TE 44 ms TE 25 ms

combined

'.&‘ FYVY

Signal-to-noise improvements for SWI using
multi-echo 3D-GRE. (3A) SWI (top) and SWI MinIP
(bottom) from an MS patient with a multi-echo
3D-GRE acquisition using ten echo times from 5 to
44 ms. Five images out of the ten echo times are
shown, as well as the combined images with average
TE 25 ms. (3B) Compared to a single-echo acquisition
(left), the combined images from ten echoes show
visibly improved signal- and contrast-to-noise.

22 ms TE 25 ms

single echo combined

Imaging parameters: Same 3D-GRE patient data as in
Figure (2B) with a different slice shown.
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Quantitative Susceptibility Mapping (QSM)

An overview of data acquisition and processing for SWI and
QSM is shown in Figure 4. For QSM, the key steps include
phase unwrapping, creating a mask from the magnitude
image, and applying the background field correction and
dipole inversion. In contrast, SWI involves filtering the sig-
nal phase, weighting it by the magnitude, and performing
a MinlP across slices (Fig. 4A). In the SWI MinlP, the effects
of susceptibility from the venous blood make it well-suited
to visualizing veins in the brain. However, the processing
steps required for SWI imaging make the data incompatible
with the steps required to compute QSM. To overcome this,
the research implementation reconstructs SWI and QSM in
parallel pipelines.

This package now enables the inline post-processing
of phase data to generate QSM data using two methods:
Total Generalized Variation (TGV) [29-31] and
Morphology Enabled Dipole Inversion (MEDI) [32].

For each method, either a morphological (for brain only)
or phase-fidelity-based masking procedure like in ROMEO
[31] is required to identify the region of interest for further
processing. The package supports three different post pro-
cessing methods:

* The MEDI QSM algorithm applies a choice of back-
ground field correction algorithms including the

MAGNETOM Flash (87) 2/2024

Projection onto Dipole Fields (PDF) and Laplacian
Boundary Value (LBV) methods.

The TGV QSM algorithm combines the Laplacian
phase unwrapping, background phase removal, and
dipole inversion into a single optimization problem.
The TGV algorithm is implemented in the Compute
Unified Device Architecture (CUDA, NVIDIA, Santa
Clara, CA, USA) on the graphics processing unit (GPU)
and can be configured by the number of iterations
and the regularization parameters. GPU processing
time for a 1 mm isotropic whole-brain data set is
5-10 seconds.

In addition, the two-step TGV QSM algorithm [30] is
a recent extension of the TGV method which performs
two successive TGV reconstructions. The first recon-
struction is processed with a mask that only contains
reliable susceptibility sources. The second reconstruc-
tion applies an additional mask that includes both
reliable and less-reliable sources. The different phase-
based masks are determined using different thresholds
applied to the phase-fidelity image — a normalized phase
quality metric. The two-step TGV algorithm aims to be
more robust to less-reliable or high-susceptibility sources,
which often introduce streaking into the QSM image.
The two successive reconstructions are subsequently
combined to provide one resultant QSM image.

From Susceptibility-Weighted Imaging (SWI) ...

Phase

n Overview of data acquisition
and processing for SWI and
QSM. (4A) SWI is computed

ﬁlfering

Magnitude
weighting

... to Quantitative Susceptibility Mapping (QSM)

minimum

Projection

Dipole
ackgroun 3
Field Inversio

from GRE data by filtering
the signal phase, weighting
it by the magnitude and
then minimum intensity
projection (MinlP) across
slices. In the SWI MinlP,

the susceptibility effects
from the venous blood

make it perfectly suited to
visualizing veins in the brain.
(4B) The steps that are
typically required to compute
QSM are phase unwrapping,
calculating a brain mask,
background field removal,
and dipole inversion.

SWI MinlP

Intensity

n
SM
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In Figure 5, three slices are presented, each processed
with different QSM algorithms, along with a derived
Susceptibility Map-Weighted Imaging (SMWI) contrast
(see below). The QSM maps are scaled to the range of
[-100, 300] ppb, which is equivalent to [-0.1, 0.3] ppm.
In Figure 5A, the two-step TGV algorithm is featured. The
processing mask is created from a phase fidelity map and
is thereby independent from brain anatomy. In Figure 5B,

QSM two-step TGV

QSM MEDI

Neurological Imaging - Clinical

the MEDI algorithm is employed, utilizing brain masking
with slight erosion of image edges to mitigate artifacts in
the dipole inversion process. The overall representation
of deep brain structures is well-preserved in both QSM
modalities, with MEDI showing a tendency for increased
QSM values compared to TGV, while TGV images appear
less regularized (smoothed) in comparison to MEDI.

SMWI mask

Three slices processed with different QSM algorithms and the derived SMWI contrast. The QSM maps are scaled to [-100, 300] ppb, equivalent
to [-0.1, 0.3] ppm. (5A) The two-step TGV algorithm creates the processing mask from a phase fidelity map and is thus independent from
brain anatomy. (5B) The MEDI algorithm uses brain masking, and the image edges are somewhat eroded to avoid artifacts in the dipole
inversion process. Overall, deep brain structures are represented well in both QSM modalities. MEDI has a tendency for increased QSM values
compared to TGV, while the TGV images appear less regularized (smoothed) compared to MEDI. (5C) SMWI mask with a weighting factor
between [0, 1] calculated from Figure 5B, QSM MEDI images. (5D) SMWI images derived from the SMWI mask and the underlying magnitude

image.

Imaging parameters:

3D-GRE: FOV 178x256 mm?, 128 slices, resolution 0.5x0.5x 1.0 mm? (interpolated), 6 s TE 5.4-27 ms, TE

16 ms, TR 31 ms, FA 20°,

average

BW 407 Hz/px, PAT 2, Deep Resolve Boost and Sharp, TA 4:25 min.

magnetomworld.siemens-healthineers.com
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Susceptibility Map-Weighted Imaging
(SMWI)

SMWI has recently been proposed to enhance the contrast-
to-noise ratio for visualizing structures containing iron.
Recent studies, such as the one conducted by Sung and
colleagues in 2022, have demonstrated that SMWI sur-
passes SWI in assessing nigral hyperintensity at 3T [33].

SMWI images are generated from the QSM image,
following the method outlined by Sung-Min Gho et al. in
2014 [34]. This involves combining the magnitude image
with a QSM-based weighting factor, introducing an alterna-
tive yet analogous contrast to SWI.

The paramagnetic susceptibility mask (with positive
susceptibility values, th > 0) is designed as follows [34]:

value

0 thvu/ue < Sva/ue(x)
Smask(x) = (thva/ue - Svu/ue(x)) / thva/ue 0< Sva/ue(x) = thvclue
1 otherwise

By default, SMWI employs a paramagnetic susceptibility
mask (pSMWI) with a preset threshold of 1 ppm

(1000 ppb) and a multiplication factor denoted as m = 4.
In the context of different pathologies, the utilization of

a diamagnetic susceptibility mask (dSMWI) with negative
susceptibility values is considered advantageous, although
it is not explicitly illustrated in the present context.

The pSMWI mask is shown in Figure 5C and is charac-
terized by a weighting factor within the range [0, 1], and
is computed from the QSM MEDI images illustrated in
Figure 5B. The SMWI images in Figure 5D are subsequently
generated by combining the SMWI mask with the underly-
ing magnitude image.
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3D deep learning k-space-to-image
reconstruction

The standard image reconstruction of the 3D-GRE and
3D-EPI sequences include GRAPPA and CAIPIRINHA. The
research 3D-EPI application herein allows for flexible EPI
train lengths, segmentation, and acceleration factors

[35, 36]. Both sequences also include the 3D deep learning
k-space-to-image reconstruction method Deep Resolve
Boost, and the super-resolution method Deep Resolve
Sharp.

The deep learning reconstruction comprises two inde-
pendent, sequential processing steps. Firstly, Deep Resolve
Boost images are generated on the acquired resolution
using a variational network architecture with six iterations
that alternate between parallel imaging reconstruction
and 3D image regularizations using U-nets. The network
parameters were determined through supervised training
based on several hundreds of fully sampled 3D datasets of
healthy volunteers from various body regions. Secondly,
for Deep Resolve Sharp, the obtained images were interpo-
lated using a deep learning-based super-resolution algo-
rithm, with a factor-of-two interpolation. Both steps were
implemented in PyTorch trained on a dedicated GPU cluster
and with networks exported for prospective use in the
scanner reconstruction pipeline.

Figure 6 displays QSM maps scaled within the [-100,
300] ppb range, obtained from the two sequences 3D-GRE
and 3D-EPI, employing different image reconstructions.
The QSM algorithm applied in this context was TGV.

The 3D-EPI protocol parameters were matched to those
of the five-echo 3D-GRE, with an echo time set to 20 ms.
The five-echo 3D-GRE had echo times ranging from 6.6 to
34 ms, with an average echo time of 20 ms. The acquisi-
tion time (TA) for the 3D-GRE sequence was 5:35 min. To
align with the five echoes of the 3D-GRE, the EPI factor for
3D-EPI was set to five, rendering this sequence approxi-
mately four times faster (TA 1:41 min). The minimum
repetition time (TR) was selected, specifically TR 39 ms
for 3D-GRE, and TR 56 ms for 3D-EPI, respectively.

The signal- and contrast-to-noise ratio in the QSM
maps exhibits a slight decrease when comparing 3D-GRE
to the faster 3D-EPI acquisitions, as depicted in Figure 6A
from left to right. This reduction aligns with our anticipated
outcome from signal-to-noise calculations. However, when
the data is reconstructed using the 3D deep learning
k-space-to-image reconstruction method (Deep Resolve
Boost), the QSM image quality and structural features
are comparable to standard reconstruction. This holds true
even with the approximate four-fold increase in speed, as
illustrated in Figure 6B from left to right.
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Standard recon

3D-GRE TA 5:35 3D-EPlavg 2 TA 3:19 3D-EPlavg 1 TA 1:41

Deep Resolve Boost and Sharp

3D-GRE TA 5:35 3D-EPlavg 2 TA 3:19 3D-EPl avg 1 TA 1:41

n QSM maps scaled to [-100, 300] ppb from different sequences, 3D-GRE and 3D-EPI, and different image reconstructions. (6A) 3D-EPI used
matched parameters with an echo time of 20 ms compared to 3D-GRE. The EPI factor of five in 3D-EPI compared to five echoes with 3D-GRE
makes this sequence approx. four times faster. The QSM contrast-to-noise ratio decreases with the faster acquisition (left to right). (6B) Using
the 3D deep learning k-space-to-image reconstruction (Deep Resolve Boost) could mostly preserve the QSM image quality even with an
approx. 4-time increase in speed.

Imaging parameters: FOV 224 x 224 mm?, 64 slices, resolution 0.35x0.35x 2.0 mm? (interpolated), PAT 3, standard reconstruction vs.

Deep Resolve Boost and Sharp, TGV algorithm.
3D-GRE: 5TEs 6.6-34 ms, TE, . 20 ms, TR 39 ms, FA 15°, BW 200 Hz/px, TA 5:35 min.
3D-EPI: TE 20 ms, TR 56 ms, FA 21°, BW 284 Hz/px, EF 5, TA 3:19/ 1:41 min withavg 2/ 1.
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Nigrosome 1 (“swallow tail”) imaging
in substantia nigra

Publications hint that SWI at 3T or 7T could potentially
function as a novel imaging biomarker for idiopathic
Parkinson'’s disease (IPD) [33] by improving the ability to
observe the nigral hyperintensity or nigrosome 1. Recent
studies [33] also propose that the novel SMWI methods
may further enhance the ability to observe changes to
nigrosome 1. These studies also provide evidence that the
robust diagnostic performance of the novel SMWI methods
remains consistent in a multicenter setting with various
MRI scanners, indicating the potential applicability of SMWI
in assessing nigrostriatal degeneration in individuals with
parkinsonism.

QSM TGV map

MAGNETOM Flash (87) 2/2024

Figure 7 displays QSM and SMWI images of a healthy
subject, with slices planned along the AC-PC line. The
nigrosome 1 “swallow tail” in the substantia nigra is clearly
highlighted in both QSM and SMWI images (Fig. 7A).
The SMWI image is presented in 3D orthogonal planes
of nigrosome 1 (Fig. 7B).

Notably, using a 64-channel head-neck coil, the
0.65 mm isotropic dataset with whole-brain coverage
was acquired in a total time of 3:12 min. This efficiency is
achieved through (1) effective sampling with 3D-EPI and
(2) employing 3D deep learning k-space-to-image recon-
struction (Deep Resolve Boost).

QSM and SMWI of a healthy subject with slices planned along the AC-PC line. (7A) The nigrosome 1 “swallow tail” in the substantia nigra
is nicely contrasted in both QSM and SMWI images. (7B) SMWI image in 3D orthogonal planes of nigrosome 1. Remarkably, the 0.65 mm?
isotropic dataset with whole-brain coverage could be acquired in 3:12 min using a 64-channel head-neck coil. This is made possible by using
(1) efficient sampling with 3D-EPI and (2) 3D deep learning k-space-to-image reconstruction (Deep Resolve Boost).

Imaging parameters:
3D-EPI:

FOV 250x 250 mm?, 196 slices, resolution 0.33x0.33x0.65 mm? (interpolated), TE 27 ms, TR 51 ms, FA 15°, BW, 651 Hz/px,

BW,, 30 Hz/px (46 Hz/mm), EF 19, slcOS 14%, sIcPF 6/8, PAT 2, Deep Resolve Boost and Sharp, avg 2, TA 3:12 min.
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Conclusions

In conclusion, this article showcases significant advance-
ments in Susceptibility-Weighted Imaging (SWI) and
Quantitative Susceptibility Mapping (QSM) techniques,
offering notable improvements in image quality and
diagnostic potential. Through utilization of 3D Laplacian
phase unwrapping, SWI processing demonstrates
enhanced signal recovery and reduced artifacts in areas
of high susceptibility. The implementation of multi-echo
3D-GRE techniques further enhances signal-to-noise ratio
in SWI images.

The introduction of QSM and SMWI emerges as a
promising approach to achieve superior diagnostic perfor-
mance compared to SWI alone. The synergy of efficient
sampling techniques such as 3D-EPI and 3D deep learning
k-space-to-image reconstruction (Deep Resolve Boost)
can significantly accelerate the image acquisition while
preserving image quality for these novel clinical imaging
techniques.

These advancements contribute to the evolving
landscape of neuroimaging, paving the way for enhanced
diagnostic accuracy and efficiency in evaluating neurode-
generative disorders. The search for and validation of
clinically valuable biomarkers, such as the improved visual-
ization of nigrosome 1 and the “swallow tail” sign for
idiopathic Parkinson’s disease, are now more accessible
through this research.
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