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Gaussian Filtering Effects on Brain Tissue-masked
Susceptibility Weighted Images to Optimize
Voxel-based Analysis
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Department of Radiology, Kyung Hee University Hospital at Gangdong, College of Medicine, Kyung Hee University,
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Purpose : The objective of this study was to investigate effects of different smoothing kernel sizes on brain tissue-masked
susceptibility-weighted images (SWI) obtained from normal elderly subjects using voxel-based analyses.

Materials and Methods: Twenty healthy human volunteers (mean age+SD =67.8 + 6.09 years, 14 females and 6
males) were studied after informed consent. A fully first-order flow-compensated three-dimensional (3D) gradient-echo
sequence ran to obtain axial magnitude and phase images to generate SWI data. In addition, sagittal 3D T1-weighted
images were acquired with the magnetization-prepared rapid acquisition of gradient-echo sequence for brain tissue seg-
mentation and imaging registration. Both paramagnetically (PSWI) and diamagnetically (NSWI) phase-masked SWI data
were obtained with masking out non-brain tissues. Finally, both tissue-masked PSWI and NSWI data were smoothed
using different smoothing kernel sizes that were isotropic 0, 2, 4, and 8 mm Gaussian kernels. The voxel-based compar-
isons were performed using a paired t-test between PSWI and NSWI for each smoothing kernel size.

Results: The significance of comparisons increased with increasing smoothing kernel sizes. Signals from NSWI were
greater than those from PSWI. The smoothing kernel size of four was optimal to use voxel-based comparisons. The bilat-
erally different areas were found on multiple brain regions.

Conclusion: The paramagnetic (positive) phase mask led to reduce signals from high susceptibility areas. To minimize par-
tial volume effects and contributions of large vessels, the voxel-based analysis on SWI with masked non-brain components
should be utilized.

Index words : Susceptibility weighted imaging - Phase mask - Brain tissue-mask - Smoothing kernel size
Voxel-wise analysis

gradient-echo sequence is usually used to acquire both
magnitude and phase images. The phase images are
especially useful in revealing magnetic susceptibility,
since the phase images after a high-pass filter illustrate
small anatomic structures that may not be vividly
displayed in magnitude images (1). The phase mask is
conducted to suppress unwanted phase signals and

INTRODUCTION

A three-dimensional (3D) fully flow-compensated
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enhance those from paramagnetic and diamagnetic
substances. Paramagnetic substances such as iron,
deoxyhemoglobin, methemoglobin, hemosiderin and
ferritin cause a positive phase shift, while diamagnetic
substances such as calcium show a negative phase shift
(2). To increase image contrasts of small veins and
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susceptibility effects of various substances such as
iron, ferritin, deoxygenated hemoglobin and calcium,
the multiplication of magnitude images and phase
masks creates the susceptibility-weighted image (SWI)
that helps visualize magnetic susceptibility effects
derived from various elements of the tissues (3).
Because SWI is typically used to investigate venous
blood effects, the phase masking method is chosen to
enhance the vein contrast rather than a brain tissue
contrast. If the vein looks bright in the phase images,
the positive phase mask is chosen to enhance the vein
signals; if the vein looks dark, the negative phase mask
is used. In the below paragraphs, we used paramag-
netic or diamagnetic phase mask rather than the
positive or negative phase mask, respectively, because
the magnitude images assess T2* effects, related to the
dispersion of the magnetic resonance imaging (MRI)
signal, while the phase images assess field shift effects
because whether paramagnetic effects occur as
positive or negative phase changes will depend on the
vendor MRI system (4).

Voxel-based morphometry (VBM) is a technique to
investigate structural brain differences among different
subject populations in voxel-based comparisons
without biasing one particular brain areas (5).
Currently, a VBM analysis is well documented to
investigate brain tissue alternations on 3D T1-
weighted images. In addition, for the optimized VBM
analysis for 3D T1-weighted images, brain tissues are
usually segmented into gray matter, white matter, and
others that are included in cerebrospinal fluid (CSF)
and vascular components. The voxel-based analysis of
SWI data may have advantages over the ROI-based
analysis to investigate cortical brain areas as well as
the subcortical brain areas without using any prior
hypothesis. Many previous researches on SWI have
used region-of-interest (ROI)-based analyses (6, 7).
There are no studies on investigating voxel-based
changes of brain tissues on SWI.

To enhance the brain tissue contrast rather than the
vein contrast on SWI, it may be advantageous to use
segmented SWI data of brain tissues to mask out non-
brain components, such as CSF and vascular
components. Furthermore, the voxel-based analysis of
spatially normalized images is always smoothed by
convolving with a Gaussian kernel. Smoothing has the
effect of rendering the data more normally distributed.
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The smoothing kernel size should be optimized to
increase the validity of parametric statistical tests. The
objective of this study was to investigate effects of
different smoothing kernel sizes on brain tissue-
masked SWI to enhance the brain tissue contrast
rather than the vessel contrast using voxel-based
analyses. The smoothing kernel sizes were investigated
by varying the smoothing factors during voxel-wise
comparisons with masking brain tissues on SWI using
segmented brain tissues obtained from 3D T1-
weighted images.

MATERIALS AND METHODS

Image Acquisition

Twenty healthy human volunteers (mean age = 67.8,
standard deviation (SD) = 6.09, range = 62 to 80, 14
females and 6 males) with no medical history of
neurological diseases were studied after informed
consent under the institutional review board-approved
protocol. MR imaging was performed on a 3T clinical
MR system (Achieva, Philips Medical Systems, Best,
The Netherlands) equipped with an eight-channel
sensitivity encoding head coil. A fully first-order flow-
compensated 3D echo-shifted gradient-echo sequence
ran to obtain axial magnitude and phase images to
generate SWI data. The following parameters were
used: repetition time (TR) = 24 ms, echo time (TE) =
34 ms, flip angel= 8", Field of View (FOV) = 236 x
236 mm?, acquisition voxel size = 0.63 X 0.63 X 1.26
mm?, and reconstructed voxel size= 0.47 X 0.47 X
0.63 mm?, which was later reconstructedto1l x 1 x 1
mm’ for post-processing and voxel-based statistical
analyses. In addition, 3D T1-weighted images were
acquired with the sagittal structural magnetization-
prepared rapid acquisition of gradient-echo sequence
for brain tissue segmentation and imaging registration
to the brain anatomy template. The imaging parame-
ters used were as follows: TR= 8.1 ms, TE= 3.7 ms,
flip angel = 8", FOV= 236 x 236 mm?, and voxel size
=1 x1x1mm’

Post-Processing

To create SWI data, SPIN software (Wayne State
University, MI, U.S.A., http://www.mrc.wayne.edu)
was used. The phase images were filtered by using a
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64 x 64 high pass filter to diminish low frequency
components (3), which was followed by a masking
process; a paramagnetic phase mask was performed to
linearly scale all the positive phase values (PSWI)
because vein signals in phase images appeared bright
in our case. Additionally, to compare images generated
from the paramagnetic phase mask, a diamagnetic
phase mask was also performed to the same high-pass
filtered phase images to linearly scale all the negative
phase values (NSWI). Because the diamagnetic phase
mask enhanced a few soft tissues while suppressing
vein signals, it is assumed to reduce the susceptibility
effects revealed in the SWI. The magnitude images
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were then multiplied by the paramagnetic or diamag-
netic phase masks four times to create positively
phase-masked SWI (PSWI) and negatively phase-
masked SWI (NSWI), respectively. The phase multipli-
cation of four produced the most optimal contrast-to-
noise ratio in SWI (3).

To obtain brain-tissue masked SWI, the coregistra-
tion and normalization steps were achieved using a
statistical parametric mapping-version 5 (SPM5)
program (Wellcome Department of Imaging
Neuroscience, University College, London, U.K.). For
each subject, the 3D T1l-weighted images were
overlaid with the magnitude images of the 3D

Fig. 1. The representative brain tissue-
masked images a. magnitude image b.
phase image c. positively phase-masked
susceptibility weighted image with 4
phase mask multiplications (PSWI4)
with a smoothing factor of 4 and d.
negatively phase-masked susceptibility
weighted image with 4 phase mask
multiplications (NSWI4) with a
smoothing factor of 4.
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278 JKSMRM 17(4) : 275-285, 2013

Fig. 2. Result of voxel-wise comparisons between positively phase-masked susceptibility weighted images (PSWI4) and negatively
phase-masked susceptibility images (NSWI4) with smoothing factors of 0, 2, 4 and 8. The highlighted red regions show the areas
where NSWI4 > PSWI4 (FWE, p = 0.005), and the highlighted blue regions show the areas where PSWI4 > NSWI4 (FWE, p = 0.005).
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gradient-echo images for coregistration and were then
spatially normalized to a standard 3D T1-weighted
brain template, which was created by averaging 123
brains of the elderly (mean age = 68.2, SD = 8.6)
using a 12-parameter nonlinear transformation (8).
The transformation parameter obtained from the 3D
T1-weighted image for each subject was applied to
normalize magnitude, PSWI, and NSWI which were
interpolated to the 1 X 1 X 1 mm? voxel size. The
spatially normalized 3D T1-weighted images were
segmented into gray matter (GM), white matter (WM),
and other brain components including CSF and large
vessels.

In order to focus our interest on only the brain
tissues, the spatially normalized PSWI and NSWI data
were first weighted by the tissue contents of the brain
and were masked based on the tissue-containing level
of the voxels; only those containing more than 50% of
the tissues were considered or disregarded otherwise.
In short, the following equation was applied for tissue
masking: SI X (GM + WM) x [(GM + WM) > 0.5],
where Sl is the signal intensity of the single voxel in
PSWI or NSWI data, GM is the portion of the gray
matter volume within a voxel and WM is the portion
of the white matter within a single voxel, where CSF
(Cerebrospinal Fluid) + GM + WM = 1.0. After the
masking process, both brain-tissue masked PSWI and
NSWI data were smoothed using four different
smoothing kernel sizes that were isotropic 0 mm, 2
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mm, 4 mm, or 8 mm Gaussian kernels to investigate
effects of smoothing on voxel-based comparisons.

Statistical Analyses

All voxel-based statistical analyses were achieved
using the SPM5 software. In order to investigate
paramagnetic and diamagnetic phase masks with
different smoothing kernel sizes, the voxel-based
comparisons of the smoothed PSWI and NSWI data
were performed using the paired t-test between PSWI
and NSWI for each smoothing kernel size. The gender
and age information of each subject was included as
covariates. The threshold for the significance was p=
0.005 with the family-wise error (FWE) rate for the
multiple comparisons with a threshold looking for
clusters with at least 10 contiguous voxels.

RESULTS

The representative brain-masked magnitude image,
phase image, PSWI and NSWI are shown in Fig. 1. It is
to be noted that the susceptibility image contrast
increases from the magnitude image to PSWI and
NSWIL. In addition, PSWI revealed greater susceptibil-
ity contrasts than NSWI. There are no signals in the
CSF areas because these areas were masked out prior
to the analyses.

The results of voxel-wise comparisons between

Table 1. Anatomical Regions Showing Significant Differences Between Brain Tissue-masked PSWI and NSWI Data with a

Smoothing Factor (SF) of 0

SF=0 NSWI > PSWI NSWI < PSWI
Talairach Coordinate Talairach Coordinate
Anatomy < v , Z-score < v , Z-score
L. Anterior Cingulate -4.55 15.98 -4.2 6.23
R AwerorCiglee 280 22 om em
L LectiformNucleus 2613  -1538 959 744 3147 1285 648 65
R LectiformNucleus 2396 1561 05 703
R Thalamus* 1735 2847 728 702 1106 783 168 726

Note.— R, Right, L, Left

PSWI: paramagnetically (or positively, P) phase-masked susceptibility-weighted imaging (SWI)

NSWI: diamagnetically (or negatively, N) phase-masked SWI

After the threshold with family-wise error rate (FWE) p = 0.005 as the cluster level, only the Talairach coordinates with T-score greater

than 6 are indicated on the list.

*Areas from results of voxel-based comparisons between NSWI and PSWI were selected to analyze region-of-interests (ROI).
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PSWI and NSWI of brain-masked SWI data for four
different smoothing kernel sizes are shown in Fig. 2.
The significance of comparisons increased with
increasing the smoothing kernel sizes as the wider
colored regions in larger smoothing kernel sizes
indicate. The kernel sizes of zero and two may be too
small to use for satisfying the Gaussian theory for
each voxel. The kernel size of eight, however, may be
too large to use because the result may highlight
regions that are not so statistically significant. In the
most of the voxels, signals from NSWI were greater
than those from PSWI. The bilateral different areas
were found on the parietal lobule, anterior cingulate,
frontal gyrus, precuneus, globus pallidus, putamen,
caudate, thalamus, and hypothalamus. The Talairach
coordinates, which is a coordinate system used to
describe the location of brain structures that are
independent of different brain sizes and shapes, and
anatomical information corresponding to these regions
showing differences with Z-score, defined as a number
of standard deviations data above the mean used to
compare a sample to a standard normal distribution,
higher than 6 are summarized in Table 1 for a smooth-

ing factor of 0, in Table 2 for a smoothing factor of 2,
in Table 3 for a smoothing factor of 4 and in Table 4
for a smoothing factor of 8.

The main objective of this study was to investigate
voxel-based differences of signal intensities of the
paramagnetic phase-masked SWI data and the diamag-
netic phase-masked SWI data with varying the
smoothing kernel sizes. The smoothing kernel size of
four could be optimal to use voxel-based comparisons
on SWI data. Cortical and subcortical areas in the
brain were found in differences of tissue signal intensi-
ties affected by the two different phase masks.

Effect of the smoothing kernel size on SWI
data

Voxel smoothing for a voxel-based analysis is
required to generate data in normal distributions.
Although the voxel-based analysis is well documented
to 3D T1-weighted images, there are few studies on

Table 2. Anatomical Regions Showing Significant Differences Between Brain Tissue-masked PSWI and NSWI Data with a

Smoothing Factor (SF) of 2

SF=2 NSWI > PSWI NSWI < PSWI
Talairach Coordinate Z-score Talairach Coordinate Z-score
Anatomy X y X y Z
L. Anterior Cingulate -5.46 18.87 -4.84 7.07
77777 R Anterior Cingulate 464 3098 549 65
L Lectiform Nudeus 2612 1529 869 741 2334 1801 758 699
R LectiformNudews 2025 1568 133 665
R nferior Temporal Gyrus 4817 2197 123 624
* LSuperior Temperoal Gyrus - 4351 2565 97 624
R L Caudate 125 708 1016 727
~ RCaudater 1005 706 962 712
e L Thalamus* 658  -1825  -027 662
- R Thalamus* 919 1256  -126 697 1105 791 079 642

Note.— R, Right, L, Left

PSWI: paramagnetically (or positively, P) phase-masked susceptibility-weighted imaging (SWI)

NSWI: diamagnetically (or negatively, N) phase-masked SWI

After the threshold with family-wise error rate (FWE) p = 0.005 as the cluster level, only the Talairach coordinates with T-score greater

than 6 are indicated on the list.

*Areas from results of voxel-based comparisons between NSWI and PSWI were selected to analyze region-of-interests (ROI).
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Table 3. Anatomical Regions Showing Significant Differences Between Brain Tissue-masked PSWI and NSWI Data with a
Smoothing Factor (SF) of 4

SF=4 NSWI > PSWI NSWI < PSWI
Talairach Coordinate Z-score Talairach Coordinate Z-score
Anatomy X y Z X y z
L. Paracentral Lobule -4.61 -31.55 58.86 7.35
R ParacentralLobule - 187 3979 5639 701
L. Medial Frontal Gyruis 445 2305 4886 739
R Medial Frontal Gyrus 289 2446 5336 669
L. Middle Frontal Gyrus - 3958  -153 5121 651
R Middle Frontal Gyrus 2416 73 5985 657
R Superior Frontal Gyrus 393 1298 5512 697
© LPrecentral Gyris - 5322 -886 3046 682
R Precentral Gyrus 5122 -1036 42 693
L. Anterior Cingulate 726 3564  -328 714
R Anterior Cingulate 378 1687 397 717
R Posterior Cingulate 145 6254 1009 616
- RUmws 3546 1093 2859 602
L. Superior Parietal Lobule - 2672 -6451 4095 633
L. Inferior Parictal Lobule - 3142 4122 5299 65
R Inferior Parictal Lobule 4373 3107 4261 681
L Postcentral Gyrus - 4607 1623 479 703
R Postcentral Gyrus 3798 343 5662 66
] L Precuneus* - 1392 -4649 5819 629
© RPrecunews* 129 5222 581 634
77777777 L Sub-Gyral 2219 4331 5475 63
- R.Sub-Gyral 25 - 3991 5677 667
* L.Inferior Temporal Gyrus - 4803 2485 1781 612
R Inferior Temporal Gyrus ¢ 491 2197 1229 628
R Transverse Temporal Gyrus ~~ 60.89  -165 825 61
o LiGP* 2596 -1407 38 78 2051 1488 432 759
7777777777 RIGP* 2492 1451 118 749
- L Putamen* 2608  -1494 512 758 315 1302 47 651
e R Putamen* 1465 042 997 612 3051 1055 341 624
~ LCaudate*  -369 1638 126 728
~ RCaudater 1092 755 1419 781
- L Thalamus* 1117 1339 168 696
e R Thalamus* 545 1831 007 709 1841 1465 05 784
~ LHypothalamss 647 739 554 614

http:/dx.doi.org/10.13104/jksmrm.2013.17.4.275 http://www.ksmrm.org
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R. Lateral Geniculum Body

5.56 -7.45 -5.34 6.43
-24 -24.4 -3.88 6.07
27.7 -23.58 -4.69 6.31

Note.— R, Right, L, Left

PSWI: paramagnetically (or positively, P) phase-masked susceptibility-weighted imaging (SWI)

NSWI: diamagnetically (or negatively, N) phase-masked SWI after the threshold with family-wise error rate (FWE) p = 0.005 as the
cluster level, only the Talairach coordinates with T-score greater than 6 are indicated on the list.

*Areas from results of voxel-based comparisons between NSWI and PSWI were selected to analyze region-of-interests (ROI).

investigating voxel-based changes of brain tissues on
SWI. Our result showed that the smoothing kernel size
of four was the most reasonable. When the kernel
sizes were too small, then there may be the violation
of Gaussian distribution of data. When the kernel size
was too large, on the other hand, the results may show
regions that are not so statistically significant. The
Gaussian filter of 2 times or 3 times greater than a
voxel size is applicable for analyzing 3DT1 weighted
images, but the kernel size of eight, which is eight
times greater than a voxel size is too great for perform
a voxel-based analysis of SWI. Therefore, the voxel-
based analysis on SWI data should be carefully used
with the optimized steps that should be included in
the generation of the SWI brain template, normaliza-
tion, and in the spatial smoothing. In this we only
investigate the spatial smoothing factor on SWI data.
Therefore, further investigations must be performed.

Effect of the brain tissue mask

On the paramagnetic phase-masked SWI data, signal
losses were usually found on the venous vessels. In
this study, this contribution was minimized by
applying brain tissue masks. The differences between
PSWI and NSWI should be caused by susceptibility
differences in the brain tissues rather than the venous
blood vessels. Dephasing effects existed within the
tissue contents of the brain that were not limited to
the venous blood vessels and those caused susceptibil-
ity effects in brain tissues. A previous study showed
that intracortical contrast was predominantly caused
by variants in tissue iron contents and established the
direct relationship between intracortical iron variants
and susceptibility-based contrasts (9). Another
previous study showed that the local variations in
magnetic susceptibility appeared to originate from
iron stores within the cortical substructures (10). In

http://www.ksmrm.org

addition, the brain tissue-masked SWI data should
reduce partial volume effects caused by CSF and
blood vessels. Therefore, for the voxel-based analysis
of SWI data, it should be better to use brain tissue
masks using the high resolution 3D T1-weighted
images.

Possible applications of voxel-based analysis of
SWI data in patients’ cortical brain areas

In this study, we showed possibility of applications of
voxel-based analysis of SWI data to investigate human
brains in cortex and subcortex areas. In addition, the
results of ROI-based analysis supported the results of
the voxel-based analysis. Signal intensities in the rich
iron content areas, putamen and sustantia nigra,
showed almost all differences to other selected ROIs.
Our study thus verified the previous studies, which
identified certain anatomical regions showing
increased iron-contents, by revealing that SWIs
successfully differentiated anatomical regions known
for rich iron depositions (2, 3, 9). On several previous
studies, the ROI-based analysis of SWI data have
widely been applied for identifying a number of
diseases including vascular malformation, venous
thrombosis, brain tumors, trauma, stroke, cerebral
microbleeds, subarachnoid hemorrhage, pial siderosis,
and multiple sclerosis (11). Although our study
focused on SWIs from normal healthy subjects, the
voxel-based investigation of SWI data aid in future
clinical researches.

Limitations of this study

One limitation of this study was the uncertain
relationship between phase signals and the susceptibil-
ity effects. Although phase images contain information
on susceptibility differences, the phase contrast does
not fully correspond with the susceptibility differ-

http://dx.doi.org/10.13104/jksmrm.2013.17.4.275
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Table 4. Anatomical Regions Showing Significant Differences Between Brain Tissue-masked PSWI and NSWI Data with a

Smoothing Factor (SF) of 8

SF=8 NSWI > PSWI NSWI < PSWI
Talairach Coordinate Z-score Talairach Coordinate Z-score
Anatomy X y X y z
L. Paracentral Lobule -3.55 -24.16 50.57 7.78
R ParacentralLobule - 188 3784 5568 772
R Medial Frontal Gyrus - 105 2343 5252 782
R Middle Frontal Gyrus 4.05 714 4619 618
R Precentral Gyrus 5799 <187 22« 622
L Anterior Cingulate - 64 2606 147 768
" R Anterior Cingulate - 474 189 556 777
~ RFuformGyrus 3911 1409 2522 752
© LFusifomGyrus - 4088 7335 1237 645
 LLectiformNucleus 2422 945 658 695  -1859  -1437 -1 o 654
R Inferior Parictal Lobule 3436 -4645 464 76l
 L.Postcentral Gyrus - 39.64 2211 5016  7.84
] L Precuneus* - 2949 -6627 3984 621
] Linula  -382  -1651 1198 619
R Middle Temporal Gyrus 5.9 1995  -1385 672
R Inferior Temporal Gyrus 5277 -3224 132 606
* Linferior Temperoal Gyrus - 4138 1266 2735 65
© RTransverse Temporal Gyrus 5894 2082 1411 607
© RCaudater 1092 848 1427 783
S R Thalamus* 1751 1447 13 642

Note.— R, Right, L, Left

PSWI: paramagnetically (or positively, P) phase-masked susceptibility-weighted imaging (SWI)

NSWI: diamagnetically (or negatively, N) phase-masked SWI after the threshold with family-wise error rate (FWE) p = 0.005 as the
cluster level, only the Talairach coordinates with T-score greater than 6 are indicated on the list.

* Areas from results of voxel-based comparisons between NSWI and PSWI were selected to analyze region-of-interests (ROI).

ences; therefore, one cannot easily conclude that the
final SWIs produced by the phase mask multiplication
purely enhanced the susceptibility effects. It is thus
important to quantify and solely extract the suscepti-
bility information from the acquired phase images (1,
12-14). The previous studies on quantitative suscepti-
bility mapping accurately estimated the susceptibility
and chemical shift of various diamagnetic and
paramagnetic materials (15-16). Therefore, the future
studies on magnetic susceptibility using SWI should be
benefited from these quantitative susceptibility maps,

http:/dx.doi.org/10.13104/jksmrm.2013.17.4.275

which would exclusively reveal the susceptibility
values within the voxels. Moreover, the long acquisi-
tion time for a 3DT1 weighted image in addition to
SWI is required to perform the image analysis. Finally,
the central filter size of 64 X 64 and the phase
multiplication of four were applied in this study as
suggested in the previous study by Haacke et al. (3).
Those optimized parameters may not be optimal in
investigations of voxel-based SWI data. Therefore, it
may be re-optimized those values for a voxel-based
analysis of SWI data.

http://www.ksmrm.org
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CONCLUSION

Our study suggests that the smoothing kernel size of
four could be optimal to use voxel-based comparisons
on SWI data. To minimize partial volume effects and
contributions of large vessels on SWI, the voxel-based
analysis on SWI with masking out non-brain
components should be advantageous. Thus, the voxel-
based analysis of SWI should be applied to investigate
clinical applications
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