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Purpose: To propose a susceptibility map-weighted imaging

(SMWI) method by combining a magnitude image with a quan-
titative susceptibility mapping (QSM) -based weighting factor
thereby providing an alternative contrast compared with mag-

nitude image, susceptibility-weighted imaging, and QSM.
Methods: A three-dimensional multi-echo gradient echo

sequence is used to obtain the data. The QSM was trans-
formed to a susceptibility mask that varies in amplitude
between zero and unity. This mask was multiplied several

times with the original magnitude image to create alternative
contrasts between tissues with different susceptibilities.

A temporal domain denoising method to enhance the signal-
to-noise ratio was further applied. Optimal reconstruction
processes of the SMWI were determined from simulations.

Results: Temporal domain denoising enhanced the signal-to-
noise ratio, especially at late echoes without spatial artifacts.

From phantom simulations, the optimal number of multiplication
and threshold values was chosen. Reconstructed SMWI created
different contrasts based on its weighting factors made from

paramagnetic or diamagnetic susceptibility tissue and provided
an excellent delineation of microhemorrhage without blooming
artifacts typically caused by the nonlocal property of phase.

Conclusion: SMWI presents an alternative contrast for
susceptibility-based imaging. The validity of this method was

demonstrated using in vivo data. This proposed method together
with denoising allows high-quality reconstruction of
susceptibility-weighted image of human brain in vivo. Magn
Reson Med 72:337–346, 2014. VC 2013 Wiley Periodicals, Inc.
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weighted imaging; T2* imaging

INTRODUCTION

MR image phases contain unique information regarding
local susceptibility changes between tissues, which can
be useful in measuring iron content (1) and depicting
venous information. The phase information is not only
meaningful itself but is the basis for other applications

such as quantitative susceptibility mapping (QSM) and
susceptibility-weighted imaging (SWI). QSM provides a
novel contrast in MR imaging, with the voxel intensity
representing the apparent magnetic susceptibility of the
underlying tissue. It has been used for chemical identifi-
cation and quantification of specific biomarkers (2–5)
along with various clinical applications (6,7). Quantita-
tive susceptibility can also be used to map white matter
fiber orientations (8–10).

SWI, on the other hand, uses phase images to enhance
contrast of the magnitude image (11,12). It is also widely
used for many clinical applications (11–14). However,
image phase is not an intrinsic tissue property and may
not be easily reproducible due to its nonlocal and
orientation-dependent properties. This particular nature
of phase has thus restricted the resolution achievable
and has required processing for different imaging orien-
tations in SWI (15). These limitations have not been
completely resolved.

The purpose of our study is to suggest a susceptibility
map-weighted imaging (SMWI) method by combining
the magnitude image with a QSM-based weighting factor
to provide an alternative contrast for susceptibility imag-
ing. This combination with the magnitude image pro-
vides an image that can be represented more like a
conventional T2* image, as is in SWI. The QSM-based
weighting also resolves issues of nonlocal and
orientation-dependence of phase. The QSM-based
weighting factor was determined using phantom simula-
tions. We further implemented a multi-echo denoising
method to enhance the signal-to-noise ratio (SNR), which
was used to obtain high-resolution images. The method
was evaluated on healthy volunteers and on a stroke
patient to evaluate the clinical feasibility. Magnitude
images, SWI, and/or QSM images were also obtained for
visual comparisons.

METHODS

This study was approved by our institutional review
board. Written informed consent was obtained from all
human subjects.

Brain MR Imaging

For in vivo brain imaging, healthy adult volunteers (eight
male, 28 6 4 years old) were scanned with a standard
flow-compensated three-dimensional (3D) multi-gradient
echo (MGRE) sequence. Isotropic and anisotropic high-
resolution MGRE sequences using a 3 Tesla scanner
(Tim Trio, Siemens Medical Solutions, Erlangen, Ger-
many) with an eight-channel head coil were used to
cover the whole brain. The isotropic MGRE sequence
parameters were as follows: repetition time (TR)¼ 95 ms,
first echo time (TE)¼ 5.67 ms, echo spacing¼ 5.51 ms,
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flip angle¼27
�
, field of view (FOV)¼256 � 256 mm2,

number of slices¼128, number of echoes¼ 16, voxel
size¼ 1 � 1 � 1 mm3. The anisotropic high-resolution
MGRE sequence parameters were as follows: TR¼80 ms,
first TE¼ 15 ms, echo spacing¼2.3 ms, flip angle¼20

�
,

FOV¼ 192 � 192 mm2, number of slices¼120, number
of echoes¼ 10, voxel size¼0.375 � 0.375 � 1 mm3.

For each subject, contrast-to-noise ratio (CNR) values
as defined in Eq. [5] were measured from six regions of
interest (ROIs) in the magnitude image, SWI, and SMWI.
The ROIs chosen were the globus pallidus, putamen,
substantia niagra, red nucleus, lateral ventricle, and
optic radiation because most of these regions are studied
for various applications such as estimating iron concen-
tration and visualizing brain anatomic structures
(2,16,17). The background regions were selected near
each selected ROI. The estimated CNR values were aver-
aged across all subjects and compared for each recon-
struction method.

A hemorrhagic stroke patient (male, 63 years old) was
scanned with the following parameters: TR¼ 35 ms, first
TE¼4.92 ms, echo spacing¼ 4.92 ms, flip angle¼ 20

�
,

FOV¼ 230 � 230 mm2, number of slices¼55, number of
echoes¼ 6, voxel size¼ 0.9 � 0.9 � 2 mm3, scan time¼ 8
min 13 s. All images were obtained with axial orientation.

Multi-echo Denoising

To further improve the image quality, we applied a
model-based temporal domain denoising method to both
the magnitude and phase image (18,19). This denoising
procedure was especially needed for the late echo data
because the late echo images have low SNR. The magni-
tude signal was assumed to follow the tissue-specific
multicomponent T2* decay. A model, based on the mul-
ticomponent T2* decay curve, was applied for denoising
the magnitude images in the temporal domain. The
phase signal increases (for paramagnetic tissues) or
decreases (for diamagnetic tissues) linearly with echo
times. Therefore, a linear function was fitted to denoise
the phase images in the temporal domain.

Image Reconstruction

Brain images were reconstructed with 3D Fast Fourier
transform using the complex k-space data for each of the
eight receiver coils. The magnitude image was obtained
using the sum of square method from the eight magni-
tude images, while the phase image was obtained follow-
ing the method outlined in Li et al (20). The denoising
schemes were applied afterward. Although the original
magnitude images could be used for generating SWI and/
or SMWI, the denoised images were used to enhance the
SNR in this study. The SWIs were reconstructed from
the magnitude and phase images of each echo, while the
SMWIs were reconstructed from the magnitude and
QSM images of each echo.

To obtain the high-pass filtered phase for SWI, we
applied a hamming window to the k-space data. The
resulting low-frequency phase images were then sub-
tracted from the original phase images using complex
division (11,12,21). Because some structures have nega-
tive phase and other structures have positive phase, we

created a negative phase mask and a positive phase mask
individually to enhance the contrast of specific tissues.
The masked phase was raised by a power of four to gener-
ate the weighting factors as proposed in the original SWI
(11).

To obtain the QSM used for generating the SMWI, a
Laplacian method for phase unwrapping was used (20).
The background phase was removed with a projection-
onto-dipole fields method (22). The frequency map was
then calculated from the resultant local phase image.
QSM was calculated from the frequency map using the
LSQR method (20).

The process of obtaining SMWI is similar to the SWI
process except for the base of the weighting factors. The
susceptibility mask was designed to suppress pixels that
have certain susceptibility values. Mathematically, the
SMWI is defined as:

SMWI xð Þ ¼ Smask xð Þf gm �mag xð Þ [1]

where Smask xð Þ and mag xð Þ are the susceptibility mask
and the original magnitude image at location x,
respectively.

The susceptibility mask was applied in the following
manner: if the diamagnetic susceptibility of interest is,
e.g., in the -thvalue �0 ppm range, then the susceptibility
mask was designed as follows:

Smask xð Þ ¼

0 Svalue xð Þ < �thvalue

Svalue xð Þ þ thvalueð Þ=thvalue �thvalue � Svalue xð Þ < 0

1 otherwise

8>>>>>><
>>>>>>:

[2]

where Svalue xð Þ is the quantitative susceptibility value at
location x and thvalue is the threshold value bigger than
zero. From Eq. [2], those pixels with a susceptibility of
-thvalue or less will be completely suppressed and
those with a value between -thvalue and zero susceptibil-
ity values will be only partly suppressed. This Smask xð Þ
then takes on values that lie between 0 and 1 and
is referred to as the diamagnetic susceptibility mask. It
can be applied any number of times (integer m in Eq.
[1]) to mag xð Þ to create a new image with different
contrasts.

Similarly, if the paramagnetic susceptibility of interest
is, for example, 0 �thvalue ppm, then the susceptibility
mask is designed as follows, which we refer to as a para-
magnetic susceptibility mask:

Smask xð Þ ¼

0 thvalue < Svalue xð Þ

thvalue � Svalue xð Þð Þ=thvalue 0 < Svalue xð Þ � thvalue

1 otherwise

:

8>>>>>><
>>>>>>:

[3]

In this work, we used either a negative or positive phase
mask for SWI (nSWI or pSWI) to improve the contrast of
the specific tissues in the magnitude image. In the SMWI

338 Gho et al.



case, either diamagnetic (dSMWI) or paramagnetic
(pSMWI) susceptibility masks from above were used. Sim-
ulations were conducted to determine the optimal number
of susceptibility mask multiplication and threshold values
(details in the next sections).

All our postprocessing methods were implemented on
a PC (Intel Pentium Processor 2.4 GHz, 8 GB of RAM)
operating on a Microsoft Windows 7 operating system
using MATLAB R2009b (Mathworks, Natick, MA).

Optimization of the Susceptibility Mask Multiplication:
Simulation

Simulations were performed to determine the optimal
number of susceptibility mask multiplications using esti-
mated CNR values. This approach is similar to the
method of Haacke (11). We created a series of circles
with radii varying from 1 to 16 pixels (i.e., 1, 2, 4, 6, 8,
10, 12, 14, and, 16) within a 512 � 512 matrix (Fig. 1).
The susceptibility value of the circles was set at 0.3
ppm. Various background susceptibility values (i.e., 0,
0.05, 0.1, 0.2 ppm) were set to simulate different situa-
tions. The initial signal intensity of all pixels within the
images was set to 1000. A Gaussian noise with various
standard deviations (SDs) was added to the real and
imaginary parts of the k-space data to simulate different
SNR cases (i.e., SNR¼5, 10, 15, and 20). An ROI was
drawn inside each circle to obtain the averaged CNR
between the ROI and background (Fig. 1A). The averaged
CNR was defined as:

CNR ¼
Xn

i¼1

CNRi

 !�
n [4]

CNRi¼ abs meanðSiÞ-meanðSbackgroundÞ
� �

=sbackground

� �
[5]

where n is the number of the ROI, Si is the signal inten-
sity of each ROI, Sbackground is the signal intensity of the
background, and sbackground is the SD of the background.

Optimization of the Threshold Value: Simulation

Figures 2A and B show a series of simulated circles
(i.e., ROIs) that were created for determining the opti-
mal threshold value. The radius of the circles was set to
16 pixels within a 512 � 512 matrix. Various suscepti-
bility values (i.e., 0.01, 0.02, 0.03, 0.04, 0.1, 0.17, 0.18,
0.19, and 0.2 ppm) were assumed to the individual
ROIs with background set at 0.1 ppm. The initial signal
intensity of all pixels within the image was set to 1000.
A Gaussian noise with SD of 100 was added to the real
and imaginary k-space data to simulate SNR¼10. The
purpose of this simulation was to estimate the contrast
between ROIs that have similar susceptibility values.
The relative contrast (RC), therefore, was used to esti-
mate contrast as a metric. The RC was defined as
follows:

RC ¼ abs½ mean SROIa
ð Þ �mean SROIb

� �� �
=

mean SROIa
ð Þ þmean SROIb

� �� �
�

[6]

where SROIa
, SROIb

are the signal intensity of ROIa and
ROIb, respectively.

FIG. 1. Optimizing the number of multiplications. A–E: Illustrative example of the reconstructed SMWI. Reference susceptibility map
(A) and simulated images with the susceptibility mask multiplied once (B), 4 times (C), 8 times (D), and 16 times (E). All circles have the
same susceptibility value of 0.3 ppm with background susceptibility of 0.1 ppm (threshold value¼1 ppm). F: Estimated CNR with differ-

ent SNR cases (background susceptibility value ¼ 0.1 ppm, threshold value ¼ 1 ppm). G,H: Estimated CNR using different background
susceptibility values (SNR¼10, threshold value¼1 ppm) (G), and estimated CNR using various threshold values for making susceptibil-

ity masks (SNR¼10, background susceptibility value¼0.1 ppm, and threshold value¼1 ppm) (H).
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RESULTS

Simulation: Optimal Number of Multiplications

Simulation results to determine the optimal multiplica-
tion number are shown in Figure 1. The reconstructed
SMW images in Figure 1B–E demonstrate that the best
CNR was obtained when the number of multiplications
was approximately 4 (m¼ 4) for the case of 0.3 ppm
objects using the threshold value of 1 ppm (details of the
threshold value are presented in the next section). Figure
1F represents the estimated CNR for various SNR and
number of multiplications with a background suscepti-
bility value of 0.1 ppm. The estimated CNR values stead-
ily increased until the number of multiplications reaches
approximately 4, afterward, the CNR values decreases for
a given SNR. The estimated CNRs for the various back-
ground susceptibility values are represented in Figure
1G (SNR fixed to 10). A higher CNR was obviously
obtained with lower background susceptibility values.
The optimal number of multiplications is still around 4,
as shown. Figure 1H shows estimated CNRs using differ-
ent threshold values (SNR and background susceptibility
values were fixed to 10 and 0.1 ppm, respectively). It is
known that the noise level will increase with the number
of multiplications. Hence, the peak of the CNR decreases
with multiplications. The number of multiplications to
reach the peak CNR increases with the threshold value.
For threshold values between 0.8 to 1.2 ppm, however,
the obtained peak CNR values showed little differences.
For these cases, m¼ 4 seemed to be a reasonable
multiplication number. In this figure, we only represent
a specific case (i.e., SNR¼10 and/or background suscep-
tibility value¼0.1 ppm) as one example, but other cases
show similar results (not shown here).

Simulation: Optimal Threshold Value

Simulation phantom images and estimated RC values of
the simulated data are presented in Figure 2. Figure 2C
represents measured RC values between selected ROIs
using the optimal multiplication number for each corre-
sponding threshold value estimated in Figure 1H. The
estimated RC values of similar susceptibility regions
increase until the threshold value reaches around 1 ppm,
afterward the values decrease. The simulation indicates

that a threshold value of 1 ppm is a reasonable value to
maximize contrast between tissues of various susceptibil-
ity. In this figure, only several specific cases are repre-
sented as examples, but other cases show similar results
(not shown). Although the peak CNR is low compared
with the values at 0.4 and 0.6 ppm, we chose the thresh-
old value of 1 ppm because it displayed the highest RC
value.

Figure 3 represents one example of in vivo pSMWI
reconstruction. Images in the first row show the magni-
tude image, and reconstructed SMWI with varying sus-
ceptibility mask multiplication numbers, with the
threshold value fixed to 1 ppm. Images in the second
row demonstrate the reconstructed SMWI using different
threshold values with the susceptibility mask multiplica-
tion number fixed at 4. In vivo results show similar fea-
tures to the simulated phantom case. The increasing
number of multiplications by the susceptibility mask
and the decreasing threshold values resulted in dark
patches due to excessive weighting. From these in vivo
and phantom results, the optimal number of multiplica-
tions and threshold value were found to be around 4 and
1 ppm, respectively.

Multi-echo Denoising Method

The reconstructed isotropic resolution images of the
multi-echo SMWI, and denoised multi-echo SMWI for
the 6th, 8th, and 10th echo are shown in Figure 4. Com-
parison between the predenoised images and denoised
images showed that the temporal domain denoising
method enhanced the SNR without spatial artifacts, such
as blurring especially, at the late echo image. The
enlarged region in Figure 4 shows this clear SNR
improvement. Through these denoising methods, high-
quality multiple-echo images could be obtained, which
were subsequently used in the SMWI process.

In Vivo Anisotropic High-Resolution Data of Healthy
Volunteers

Figure 5 shows example images of SMWI using the data
(TE¼22 ms). Images in the first row represent one exam-
ple of the reconstructed dSMWI and pSMWI using the
same magnitude image and QSM. These two images

FIG. 2. A,B: Optimizing the threshold values. Reference ROI map (A) with its susceptibility map (B). C: Several examples of the esti-
mated RC values between the ROIs are chosen. The estimated RC values were obtained using the optimal number of multiplications

corresponding to each threshold value as measured in Figure 1H. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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show different features: dSMWI enhances the contrast of
diamagnetic susceptibility tissues such as optic radia-
tions, and pSMWI enhances the contrast of paramagnetic
susceptibility tissues such as the substantia niagra. In
the second row, a comparison with QSM is provided
from images obtained a healthy volunteer. It is seen that
the dSMWI better depicts the Meyer’s loop (pointed by
an arrow) compared to magnitude images and QSM. The

estimated CNR values were 3.08, 1.27, and 3.98 for the
corresponding magnitude, QSM, and SMW images.

Reconstructed magnitude images, SWI, and SMWI
using the data at TE of 20 ms from a healthy volunteer
are shown in Figure 6. SMWI presents an alternative
contrast compared with magnitude and SW images. The
red nucleus, i.e., high iron deposition region is depicted
with high contrast in pSMWI. Also, dSMWI depicts the

FIG. 4. Multi-echo reconstruction results. Each row represents the SMWI, and denoised SMWI at the 6th, 8th, and 10th echo of the

MGRE sequence. Multi-echo imaging shows different T2* weightings at multiple time points. Through the temporal domain denoising
method, suppression of noise in the spatial domain and increase of SNR of each echo image is accomplished especially at the late ech-

oes. All images are displayed with the same intensity range. The SD values are also noted.

FIG. 3. The effects of the number of multiplications by the susceptibility mask and the threshold values on in vivo data. The first row
shows the magnitude images, and reconstructed pSMWI with various number of multiplications by the susceptibility mask (threshold

value¼1 ppm). The second row shows the reconstructed pSMWI using different threshold values (number of multiplications by suscep-
tibility mask¼4).
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FIG. 5. Two illustrative figures. The images in the first row represent differences of dSMWI and pSMWI from the same magnitude and

QSM images. The images in the second row compare the magnitude, QSM, and dSMW images. The Meyer’s loop (pointed by an arrow)
is more conspicuously visualized in dSMWI compared to magnitude and QSM images. The CNR values of this structure are noted,
which were obtained from the solid line (as the ROI) and dotted circle (as the background).

FIG. 6. One example of comparison among the magnitude images, SWI and SMWI. The SMWI shows alternative contrasts compared
with the magnitude and SW images. In the first row, pSMWI more clearly depicts a high iron concentration region such as the red
nucleus (RN). In the second row, dSMWI noticeably depicts the posterior limbs of the internal capsule (PLIC) on both sides.



posterior limbs of the internal capsule clearly. The esti-
mated CNR values from several brain structures are
listed in Table 1. For these regions, the SMWI shows
increased CNR values compared with the other images.

Additional features of the SMWI are presented in Fig-
ure 7. Simple high-pass filtering in SWI generates irregu-
lar weighting (shown in the second row), even in the
same structure. This can cause enhancement in edge
regions, especially for large structures such as the globus

pallidus and putamen (23). On the other hand, suscepti-
bility masks have a relatively uniform weighting (Fig. 7).

One limitation of SMWI is a remaining streaking arti-
fact especially in coronal or sagittal planes induced from
QSM that is the weighting factor of the SMWI. Neverthe-
less, SMWI is relatively insensitive to the streaking arti-
facts compared with QSM (arrows in Fig. 7), because
SMWI uses one side of susceptibility values (i.e., dSMWI
only uses diamagnetic susceptibility values and pSMWI
only uses paramagnetic susceptibility values).

Clinical Data

The reconstructed magnitude, phase, QSM, nSW, and
pSMW images obtained from a stroke patient with micro-
hemorrhage and calcification over three successive slices
using one specific echo data are shown in Figure 8
(TE¼19.7 ms). Both SWI and SMWI enhance the con-
trast of the cortical gray/white matter, high iron deposi-
tion region such as red nucleus (first row) and
microhemorrhage (second and third rows). SWI that is
based on phase images, however, has the possibility to
produce artifacts due to its nonlocal property. Artifacts

Table 1
Estimated CNR Values of Several Regions Obtained from Eight

Healthy Volunteers

Structure

CNR (Mean 6 SD)

Magnitude SWI SMWI

Globus pallidus 7.3 6 2.4 8.3 6 3.1 12.7 6 4.9
Putamen 2.9 6 1.4 4.0 6 1.8 4.6 6 3.2

Substantia niagra 4.8 6 2.2 5.1 6 1.8 5.5 6 2.8
Red nucleus 5.6 6 1.1 6.1 6 0.8 9.3 6 2.9
Lateral ventricle 2.6 6 1.5 3.3 6 1.7 4.5 6 1.6

Optic radiation 3.8 6 0.8 4.8 6 3.5 6.3 6 1.0

FIG. 7. Comparative results of SWI, QSM, and SMWI in vivo. The first row shows reconstructed SWI with different filtering sizes and
SMWI. The matrix size in SWI represents the size of the central low-pass filtered region. The second row shows the corresponding

phase and susceptibility masks used for the SWI and SMWI, respectively. The third and fourth rows compare QSM and corresponding
SMWI. The blue boundaries in the QSM and SMWI images represent boundaries of the magnitude images. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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in SWI by excessive phase weighting in huge blood ves-
sels and the lower part of the thalamus can be observed
(arrows in the first row). Also, blooming artifact in phase
and SW images due to the nonlocal property of the
phase at the edge of the red nucleus can be seen, which
is due to the high iron concentration of the red nucleus
making strong dipole fields (arrows in the second row).
These nonlocal effects have been previously reported
(24,25) and may lead to erroneous identification of ana-
tomic structures as shown here. In contrast to the SWI,
SMWI shows significantly reduced artifacts.

DISCUSSION

In this work, we proposed and developed a new suscep-
tibility imaging method using QSM, which we termed
SMWI. We optimized the reconstruction algorithm to
produce SMWI based on the magnitude image and QSM.
With a denoising method added, high-quality human
brain in vivo SMWI was produced.

Image phase contains unique information regarding tis-
sue composition. However, it is difficult to estimate and
reproduce tissue-specific phases due to its nonlocal and
orientation-dependent properties. On the other hand,
QSM represents quantitative susceptibility values of the
tissue composition and removes blooming artifacts and
the orientation-dependence of the dipole field. Further-
more, SWI may contain artifacts from remaining phase

wrapping even when the phase images were high-pass
filtered, especially at the long TE. SMWI, therefore, may
have some advantages such as avoiding artifacts induced
by phase using QSM as its weighting factor. In addition
to these benefits, the combination with magnitude
images further increases the contrast. Also, unlike QSM,
the combination produces images with overall features
similar to those of conventional GRE images.

One limitation of QSM is the loss of information at the
outer border regions of the brain (blue boundaries in Fig.
7). Voxels are inevitably removed at the border due to
the processing of the phase data to remove background
field contributions, making it difficult to detect lesions
in these regions. An added benefit of SMWI is that mag-
nitude images are replaced in these regions, albeit if no
weighting factors from QSM are used.

The key requirement to generate high-quality SMW
images is obtaining accurate and reliable QSM. Obtain-
ing QSM requires solving an inverse problem that has
zero coefficients on a pair of cone surfaces in the Fourier
domain at the magic angle with respect to main magnetic
field B0. Consequently, spatial frequencies on the cone
surface are underdetermined, which often leads to severe
streaking artifacts in the reconstructed QSM. Many algo-
rithms have been developed to compensate the streaking
artifacts and acquire accurate susceptibility values
(4,20,26). Also, noise in QSM is approximately inversely
proportional to the product of the B0, TE, and SNR of

FIG. 8. Three successive slices of the reconstructed data obtained from a hemorrhagic stroke patient. Each column represents the mag-
nitude image, phase image, QSM, SWI, and SMWI, respectively. The regions pointed by arrows represent the artifacts due to the nonlo-

cal property of phase, which is reduced in the SMWI.
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the magnitude image (27). Increasing the SNR of the
magnitude image would, therefore, decrease the noise
level of QSM. Several methods can be applied to
improve SNR, for example by applying higher order
shims or local shims (28,29). Producing SMWI needs rel-
atively long reconstruction times compared to SWI,
because it requires generating the QSM. However, new
methods to facilitate QSM reconstruction in seconds
were recently developed (30) that can overcome this
limitation.

In addition to improving the SNR of magnitude
images, improving the CNR and SNR of the phase images
would also improve the quality of SMWI. To accumulate
sufficient phase contrast, long TEs are typically needed.
This will increase the data acquisition time especially
for high-resolution and whole-brain 3D phase image.
There are several possible solutions for accelerating the
data acquisition, such as fast imaging methods (31–33)
and efficient readout trajectories (34–36).

In SMWI, when diamagnetic is used as the weighting
factor (i.e., dSMWI), white matter and other diamagnetic
materials such as calcium compounds appear hypoin-
tense. This dSMWI is, therefore, useful for studying
white matter diseases and calcifications in the tumors. In
regions of calcification, the strong diamagnetic suscepti-
bility of calcium compounds would enhance the hypoin-
tensity as shown in the stroke patient case. On the other
hand, loss of myelination or accumulation of iron in dis-
eases such as multiple sclerosis will manifest as reduced
hypointensity in SMWI. When paramagnetic susceptibil-
ity is used as the weighing factor (i.e., pSMWI), veins
and deep nuclei appear hypointense. One potential
application of the pSMWI is venography, which has
been one main application of SWI. QSM eliminates the
nonlocal property of the phase. Therefore, SMWI can
depict the vein with accurate width and sharp edges,
especially for small vessels (37,38). In addition, SMWI
can also be useful for depicting hemorrhage in stroke
and microhemorrhages in traumatic brain injuries and
small vessel disease. In cases of localized high concen-
trations of iron deposits, SMWI could be advantageous
in defining their boundaries and locations.

One potential limitation of SMWI in studying white
matter is the complication caused by anisotropic mag-
netic susceptibility (8,39). It has been shown that the
susceptibility of white matter is anisotropic. Therefore,
although QSM removes the dipole field variation, it is
still susceptible to the intrinsic susceptibility orientation
variations. Nevertheless, the SMWI technique also can
be combined with susceptibility tensor imaging by using
the mean magnetic susceptibility as the weighting func-
tion, thus completely eliminating the anisotropic effect.
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