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ARTICLE INFO ABSTRACT

Susceptibility weighted imaging (SWI) involves post-processing of gradient echo images which are sensitive to
the spatial variations in magnetic susceptibility. The aim of this study is to develop an automated filtering
scheme to enhance the contrast-to-noise ratio (CNR) and blooming on SWI. Here, the high-pass filtering for SWI
processing is designed by applying a weighting function to the neighboring phase differences to enhance the
susceptibility-related (SuR) contrast. This is accomplished by summing the neighboring phase differences,
weighted with a scaled and shifted error function of the phase difference. Besides using the filter weights of this
weighted high-pass (WHP) filter to minimize the filtering artefacts using a filter scale parameter, the CNR is
further increased by introduction of the neighborhood-based noise compensation weights into the filtering
process. These weights are deduced from the channel phase distribution, conditioned on the channel magnitude
and noise variance. Using in vivo SWI data acquired at 1.5T (16 nos.) and 3.0 T (30 nos.), the magnitude SWI
processed using the noise compensated WHP (WHPC) filter is shown to provide an average CNR improvement of
68.40% over that of a homodyne high-pass (HHP) filter. Two tailed t-tests performed separately for different
field strengths, show significant differences (p < 0.001) between mean separations of phase masks generated
from the WHPC and HHP filtered phase images. In conclusion, the WHPC filter, tuned by the mean separation of
the phase mask, enhances the SuR contrast of magnitude SWI for evaluation of mild cognitive impairments, brain
tumor and hemorrhagic stroke.

Keywords:

Filter weight function
Mean separation
Phase mask

Noise compensation

1. Introduction

Susceptibility weighted imaging (SWI) involves post-processing the
phase information from Gradient Echo (GRE) acquisition to enhance the
susceptibility-related (SuR) contrast between regions [1-10]. The phase
information obtained from Gradient Echo (GRE) acquisitions consist
mainly of a background field induced by the main magnetic field in-
homogeneities, the air-tissue interfaces, and local field variation re-
sulting from susceptibility differences between tissues. Since the bulk
phase shifts across air-tissue interfaces and brain boundaries contain
low spatial frequencies, a high-pass (HP) filtering is usually performed
to obtain the desired SuR information [11,12]. The SuR features in the
filtered phase are further enhanced in contrast by using a non-linear
mapping function to obtain a phase mask [13].

In standard SWI processing, the HF components are estimated using
a homodyne high-pass (HHP) filter. This is a frequency domain filter in
which the filtered image is obtained by dividing the original complex
image by a low-pass (LP) Fourier filtered image [14,15] at a fixed cut-

off frequency. The Fourier filtering involves a fixed size Hamming
window that defines the filter strength. Longer TEs and poor shimming
require stronger filters, and result in greater loss of phase contrast
within larger structures. Conversely, shorter TEs are accompanied by
spatial frequency overlap between intrinsic phase variations and
background effects. Furthermore, residual phase wraps may occur when
the filter size is too small, whereas the image contrast degrades when it
is too large.

Due to the fixed cut-off frequency of the HHP filter, the filtering
artefacts that may not truly represent the local SuR effects cannot be
easily controlled. Thus in order to control the artefacts, it is required to
vary the filter strength spatially. In conventional form of linear spatial
HP filters, the filter weights are independent of the spatial location. To
emphasize the SuR information, the filter weights are derived from the
scaled phase differences in a local neighborhood. The data-dependent
weights are estimated as a non-linear function of each neighborhood-
based phase difference. The shape of this weighting function is de-
termined such that larger phase differences are more likely to represent
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the local SuR information. The large phase weighting is not restricted to
venous voxels but rather to regions laden with mineral or iron de-
positions where the susceptibility values are higher than the back-
ground. The blooming is essentially determined by the extent of over-
emphasis of the phase differences resulting from application of the filter
weighting function.

We refer to this form of spatial filtering as the weighted high-pass
(WHP) filter. The spatial operation is made effective by introducing
statistical criteria to minimize errors arising from artefacts and noise.
These are addressed by introducing 1) a global filter scale parameter
that enables control of artefacts by adjusting the slope of the filter
weight function, and 2) weights to check the compounding effect of
noise. Information about the magnitude image and the noise level are
used jointly for estimating the noise compensation weights for the WHP
operation.

2. Materials and methods
2.1. SWI processing using linear spatial HP filter

As an alternative to the HHP filter, SWI phase images can also be
processed using a linear form of spatial HP filter in which the filter
weights are independent of spatial position. Unlike the HHP filter,
spatial processing requires unwrapping of the phase images. For the
current work, we have used the Laplacian based fast unwrapping
method [16,17], although other forms of unwrapping, such as the
Goldstein [18] or PRELUDE [19] could also have been used [20]. In
order to preserve the desired SuR information at the brain boundaries
and air-tissue interfaces, the unwrapped phase is subjected to back-
ground suppression. For the current work, we have used the projection
onto dipole field (PDF) [21] method prior to application of the spatial
filter. At any given location r2 (m,n), the phase filtered using the
spatial HP filter is given by

N =1)/2

2

lLg=
- (Nr=1)/2

oy () = @y (m,n) = 9(m,n) - p(m + Ln+ q)/N,

(€8]

where [ and q denote indices for an N, X N, neighborhood, and ¢ de-
notes the unwrapped phase followed by background suppression. For
low-resolution data, a smaller window size of 3 X 3 is sufficient for
spatial filtering. As the voxel size decreases, the neighborhood size
should be increased so as to obtain the desired structural information.

After application of the HP filter, a normalized phase mask 7 is
computed under the assumption that the HP-filtered phase is polarised
in either the negative or positive direction. For example, if the phase of
interest is negative, a linear mask is designed as

() = {[7‘[ + oy (N]/7 for —.71' <p(r)<o0
1 otherwise,

(2)

where @g(r) is the HP-filtered phase at location r. The phase mask can
be applied any number of times to the original magnitude image M(r) to
create a new image M'(r), with a different contrast. The contrast en-
hanced image is given by

M"(r) = 7T (M(r) 3

Although T increases the contrast, the compounding effect of noise
also increases, thus limiting the extent to which I' can be increased.
Therefore, similar to that of the HHP filter, increasing the number of
phase mask multiplications can only improve the CNR up to a limit.
With spatial filtering, further increase in CNR can be achieved by using
spatially dependent weights as in the proposed WHP filter. For venous
structures, this is related to the increase in the vain-based CNR (VB-
CNR) which essentially measures the difference in intensity between
the venous region and its periphery.
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2.2. Weighted high-pass filtering

In order to introduce a spatially varying filtering effect, we syn-
thesize a set of non-linear weights such that 1) the weight is an in-
creasing function of the phase difference and 2) the weights change
more rapidly with smaller phase differences and more or less saturates
to unity as the phase differences become large. This is achieved by using
a non-linear function such as the error function, whose magnitude is
near to unity for large phase differences. Further, the filter weight
function is made selective with respect to the spin direction (left or
right handed) by forcing the weights to be zero for positive phase dif-
ferences in a right handed system and negative phase differences in a
left handed system. The resulting weighted phase differences will then
be highly polarised such that the filtered phase assume more negative
values in iron rich regions relative to the periphery for a right handed
system such as the GE Discovery 3.0 T system.

With i€ {1,2,---,8} representing the eight neighbors of the center
voxel in a 3 x 3 neighborhood system, the phase difference between
the i'th neighbor and the central voxel is denoted by Ag;. These phase
differences are used to estimate the weights for HP filtering. The filter
weight functions are defined separately for both left-handed and right-
handed systems [22]. The respective filter weight functions are esti-
mated using

Wi = 0.5(1 + erf(w)),
and

WF,' = 05(1 - erf((Agaiti-l_Zt))),

where erf denotes the error function and t is the scale parameter that
determines the slope of the filter weight function.

Characteristic curves of the filter weight function for different t
values are shown in Fig. 1. While larger phase differences are mapped
to values close to unity, smaller phase differences are mapped to lower
weights.

The slope of the weight function decreases with increase in the scale
parameter. By adjusting this parameter globally, it is possible to tune
the filter so as to retain maximum possible SuR information by si-
multaneously reducing the artefacts due to filtering. By weighting the
phase differences between the central and the neighboring voxels and
summing these across all neighborhood directions, the WHP filtered
phase is obtained as

Pwap = z WriAg,;
i

(4a)

(4Db)

()

2.3. Role of filter scale parameter

The role of the scale parameter t in the filtering process can be
explained with reference to its dependence on the mean p,, of the phase
mask. As the histogram of the phase mask peaks at " = 1, an increase
in t will lead to a decrease in area of the tail region, accompanied by an
increase in the area closer to the peak. By grouping the voxels with
intensities less than , into a class C; with mean uc, and others into C
with mean p,, invariably relates the regions of the histogram such that
an increase in y,, is accompanied by decreasing the number of voxels
with membership in C; and increasing the number of voxels with
membership in C,.

During the filter tuning process, t is swept through the range
[0.01,0.4] with a fixed number of steps. At each step, the region C; will
include a combination of voxels representing the true SuR effects and
the filter induced artefacts. At the lower end of the range, C; includes a
larger proportion of voxels with filtering artefacts in addition to the
true SuR voxels. As t is increased in each step, more artefacts are
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Fig. 1. WHP filter weight function shown for different scale parameter values.

removed and grouped into C,, due to their intensities being higher than
Uy. Simultaneously, C, will also begin to include a small proportion of
the SuR voxels that had intensities closer to and less than y,, in the
previous step. This is interpreted as a process of losing SuR information
along with reduction in filtering artefacts. As more locations in the
phase mask assume intensities higher than or closer to y, with further
steps of increase in t, the number of voxels with membership in C, and
having intensities closer to y,, also increases. Since a desirable choice
for t would be that which retains maximum voxels with true SuR effects
and the least possible number of those representing artefacts, a suitable
value of t would be that corresponding to the maximal mean separation
(4w — Hcr)- Due to the reduced number of voxels with filter induced
artefacts, this serves to choose the filter scale parameter that most re-
liably identifies regions laden with mineral or iron depositions such as
the deep brain nuclei, or regions with hemorrhagic bleeds. Over and
above this, it also serves as a statistical measure of the SuR information
retained by a filtering scheme. In addition to the VB-CNR, we have used
this measure to evaluate the WHP filtering performance in comparison
to the standard HHP filter.

2.4. Noise compensation weights

To analyze the effect of noise in the filtering process, we consider a
region of the phase image comprising of a vein and its periphery
(background) (‘p’) exhibiting less negative phase in comparison to the
vein center (‘c’), as in a right-handed system. Corresponding intensities
in the magnitude image and the signal-to-noise ratio (SNR) may still
have low values at both locations. However, the influence of SNR on
phase measurements at the periphery (¢,) and the center (¢.) will
differ. This is determined by the distribution of phase, conditioned on
prior information about the noise variance and the magnitude intensity
at each location [23]. For a complex signal measurement with zero
mean additive white Gaussian noise (AWGN) process of variance @
[24], probability of the phase to assume a value in the interval [ —, ),
conditioned on the prior information about noise variance and magni-
tude intensity is given by [23]

P(p | M,0) = %;az) X {1 + [Vacos(p — @) exp(a®cos’(p — 3))]

[1 + erf(acos(p — @)1},
(6)
where a = M/~/20, ¢ is the mean phase, and M is the magnitude in-
tensity of the signal. Since ¢, is closer to zero within the given region,

Eq. (6) reveals that for a given SNR, the influence of SNR will be higher
on the edges as P(g,|M, 0) > P(p:|M, 0). Thus the reliability of

19

associating a large phase difference with an edge of a venous object in
the region can only be determined by estimating P(¢,|M, 0) and P
(.| M, 0) for a pair of observations (¢, ¢,). Generalizing this to the case
where SNRs of neighboring locations are different, the influence of SNR
would be higher on edges if P(¢,|M,, 0)P(M,) > P(¢.|M., 0)P(M,),
which is equivalent to wy, 2 P(@,|0) > w.2P(¢|0). Assuming the
voxel-wise measurements to be statistically independent, the influence
of noise on the joint observation of a pair of neighboring phase values
will be wwj,. A reliability measure for associating a pair-wise phase
difference with a venous structure edge can then be deduced from the
collection of such pair-wise observations across all voxels.

Since the additive noise model is only applicable to the individual
channels in the context of parallel MRI (pMRI), both the above prob-
abilistic measures have to be computed for each channel separately.
Treating the noise distribution to be stationary, as in the unaccelerated
case, the noise level can be assumed to be spatially independent for
each channel image. However, in lieu of the differing noise variance
across channels, a channel combined measure needs to be estimated for
each voxel. This is obtained as

1
-1
G% 0 2
w = | [wy, Wa, Wy ] : [wi, wa, w17 |
0 . o2
nc )

where n¢ is the total number of channel images. To enable usage of this
channel combined measure in the spatial filtering operation involving
phase differences along each neighborhood direction, we apply the
notion of statistical independence to each pair of observations
(p(m + Ln + q),(m,n)) in a neighborhood centered at (m,n). Using
this, a normalized reliability index for the i'th neighborhood direction at
(m,n) can be defined as

Wri(m,n) =1 — wim+Ln+ Q)W(m,n),

(®

where the subscript Ri refers to the index computed for the i'th neigh-
borhood direction involving the observations at location pair
((m + Ln + q),(m,n)) and Wy = Max {wim+Ln+q) w
(mn):1l=m=M1<n<N,—-(N,—-1)/2=<(q < N, — 1)/2}.
Incorporation of these reliability indices for noise compensation in the
filtering operation gives

Pwrp = Z Wri Wi AQO-,

: ’ ©
where Wy; denotes the corresponding filter weight derived using the
error functions as in Egs. (4a) and (4b). The implication of applying
noise compensation weights (Wg;) is that a phase mask derived from

Wmax
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Table 1

Scan parameters.
Scan parameters 1.5T Siemens 3.0T GE
TR 49 ms 34ms
TE 40 ms 24.5ms
FA 20° 15°
Slice thickness 2.2mm 2.4mm
Matrix 186 x 230 288 x 384
FOV 203 X 250 mm? 168 x 240 mm*
Bandwidth 80 Hz/pixel 325.52 Hz/pixel
Parallel imaging GRAPPA ARC
Average 1 1
No. of rx channels 12 12

@wnp With noise correction exhibits a less noisy appearance, but retains
the same contrast for venous objects, as in a phase mask derived
without noise compensation in the filtering process.

2.5. Data acquisition

All in vivo data used in this study are acquired on 3.0T GE
Discovery 750 W and 1.5 T Siemens Magnetom Avanto scanners. The
scanner parameters are listed in Table 1 below.

Forty six patients, ranging in age from 24 to 76 years with a mean
age of 62years, are included in the current study. The frequency of
studied patients for each neurological condition are-: 1) tumor 4(6), 2)
stroke 4(8), 3) microbleed 4(6), and 4) dementia 4(10) (Numbers
shown in brackets correspond to 3.0 T). This study was approved by the
institution review board of our hospital, and written informed consent
was obtained from all subjects.

2.6. SWI processing pipeline

The channel phase images from the GRE acquisition are first un-
wrapped using the Laplacian based fast unwrapping method. The noise
level o; is estimated as the standard deviation of intensities outside the
brain region in the real and imaginary components of the complex SWI
signal I; 2 M;¢/®. In a strict sense, this is to be measured at each location
using a separate noise scan to account for non-stationarities due to
PMRI reconstruction from the undersampled k-space data. Using this as
prior information about the noise level, P(¢; | Mj, 0)) is computed using
Eq. (6) for each image location. To retain the conditioning on o;, the

r

Noise Covariance
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channel-wise weights w; are computed by multiplying P(¢;| M;,0;) by P
(M), estimated from the normalized histogram of the channel magni-
tude M;. The complex multi-channel SWI data are then combined using

nc ,
I(m,n) = Z 7 (rr21 n)Ij(M, n,
j=1 j 10

where C; denotes the channel sensitivity map. Second, any one of the
background suppression methods [21,25,26] (source codes available at
https://github.com/sunhongfu/) is then applied to the channel com-
bined phase image @ = 1. WHP filtering is then performed on the
background-suppressed combined phase image. The proposed SWI
processing pipeline is shown in Fig. 2.

3. Results
3.1. Determination of filter scale parameter

Fig. 3 illustrates the dependence of statistical measures of phase
mask 7 on the filter parameter. The filter parameters are represented
by the filter strength defined as the normalized Fourier domain window
size for the HHP filter, and the filter scale parameter t for the WHP
filter. As inferred from panels (a), both y¢, and yc, are seen to increase
with increase in the filter parameter. By varying the filter parameter
over a fixed range [0.01,0.4] with hundred equal steps, the mean se-
parations shown in panels (b) clearly indicate that the maximum mean
separation of WHP filter is improved by 56% over that of HHP filter.
Also, the mean separation of WHP filter exhibits a peak at the desired
value of t. Panels (c) show phase masks derived from HHP (top) and
WHP (bottom) filtered phase images containing deep gray nuclei in
addition to veins for five different filter parameter values. For the lower
end of the fixed range, the phase masks exhibit increased presence of
filter induced artefacts. As the filter parameter is increased, the arte-
facts are reduced together with desired SuR information. For a small
change in the filter parameter (10% of chosen range), it is observed that
the mean separation decreases by 10% relative to the maximum value
in HHP, whereas the reduction is only 3% in WHP. This indicates that
the loss of SuR information, as reflected by the reduction in mean se-
paration resulting from the step change in filter parameter, is more
significant in HHP filtered SWI.

()
L T
1 (A
I I Il M, Roemer’s I |T| M X Magnitude
2 L Coil L SWI
: Combination w
M,
) - ne z Background PWHPC| Phase
e IL] <0 Suppression WHP Mask
¢’1T<P2To X T(pnc
Ay s
lil A(Zi ) P(¢; |My,01) =
prry MR o w
L0 | Unvl:xl'l:;;ing M, w, |  Channel
5 ®, P2 1My, 05) |—= Weight
. ° Combination
Pree 2 %
£(7) °
M, w,
%) ¢ P((pnc IMnc’anc) _>nc
nc

On,

T_ Noise Covariance
(03}

Fig. 2. Schematic block diagram of multi-channel SWI processing using the WHP filter.
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Fig. 3. Mean separation curves showing plots of mean separation as function of the filter parameter for a sample slice with deep brain nuclei. The filter parameter is
the normalized Fourier domain window size for HHP filter and scale parameter t for WHP filter. (a) Plots of w,, yic, and uc, as function of filter parameter, (b) Mean
separation curve, (c1-c5) Phase masks obtained using five representative filter parameter values c1-c5 as indicated on the mean separation curve.

3.2. Influence on CNR

The filtering performance is quantitatively evaluated by a vein
based CNR (VB_CNR) defined as [27-29].

Sour — SN
Ve == an
where S;y and Soyr represents the mean pixel values in the venous lo-
cation (red) and its surroundings, as shown in Fig. 4. § is the standard
deviation, calculated over a homogeneous region of interest not con-
taining venous information in the channel-combined image. VB_CNR
values for each filtering scheme measured in three different ROIs la-
belled R1, R2 and R3, are shown as bar graphs in Fig. 4. The in-plane
profiles of voxel intensities across the venous structures in R1, R2 and
R3 are plotted in the row-wise panels. The column-wise panels depict
the type of filtering scheme used (HHP (Blue), WHP (Green) and WHPC
(Orange)). For all ROIs, the VB_.CNR bar graphs clearly indicate the
relative CNR improvement achieved with WHP and WHPC processing.

21

3.3. Application to in vivo clinical studies

The sensitivity of SWI for visualization of hemorrhagic regions,
microbleeds and multiple hemorrhagic foci within mass lesions pro-
vides a means for assessment of image quality improvement of SWI
processed with the WHP and WHPC filters, using the respective
minimum Intensity Projection (mIP) images of magnitude SWI. For mild
cognitive impairments, the assessment of our filter is based on the re-
lative increase in phase shift observed within ROIs placed in the basal
ganglia region, with respect to a reference region such as the frontal
white matter (FWM) or the cerebro-spinal fluid (CSF).

Figs. 5-8 show sample mIP images for tumor, stroke, microbleed
and dementia, respectively. For each dataset, N, was selected in a
training phase in which the VB-CNR was manually estimated in a
midbrain axial slice for different N, values ranging from 3 to 11. For all
clinical datasets used in this study, the maximum VB-CNR was obtained
for N, = 3. Prior to mIP generation, HP filtering was performed on the
selected slices with complex data using HHP filter and unwrapped
phase images using WHP and WHPC filters. To reduce the artefacts in
the mIP images generated from HHP filtered images, we used the
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Fig. 4. Vein-based CNR (VB_CNR) analysis of three venous ROIs (R1, R2 and R3). Top row shows the magnitude SWI derived using (a) HHP, (b) WHP and (c) WHPC
filters. Voxel intensities across the venous structures in R1, R2 and R3 are plotted in the row-wise panels. The column-wise panels show the voxel intensities for
different filtering schemes used (HHP (Blue), WHP (Green) and WHPC (Orange)). In each case, the venous center is indicated by a red dot. The VB_CNR bar graphs
clearly indicate the CNR improvement with WHP and WHPC filters for all ROIs. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

guideline for choice of the HHP filter parameter as proposed by Haacke
et al. [12]. According to this guideline, for an image with matrix size
512 x 512, a 64 X 64 central k-space data is used to obtain the low-
pass filtered image which is then used to obtain the HHP filtered image
by complex division. Therefore, we chose the HHP filter parameter as
the normalized window size to follow the ratio 64/512. As for WHP and
WHPC filters, we chose the filter scale parameter corresponding to the
peak of the mean separation curve.

In each figure, the column-wise panels show mIP images for which
the phase images of their constituent slices are processed using the
HHP, WHP, and WHPC filters. Also, the top (a) and bottom (b) panels in
each figure correspond to representative data acquired at 3.0 T and
1.5T. For all datasets analyzed, we observe the prominence of cortical
veins in the mIP images processed with WHP and WHPC filters.
Whereas venous objects seen in mIPs processed with WHP and WHPC
appear to have the same contrast, the mIP processed with WHP is more
noisy. Furthermore, the CNRs computed across a venous object in the
region highlighted using the blue line as shown in the insets, clearly
indicate the superiority of the WHPC filter. The values indicate an

22

average CNR improvement of 68.40% over the HHP filter and 18.63%
over the WHP filter.

In Fig. 5(a), blooming of the peripheral structural wall due to hyper-
acute bleeding in the tumor located in frontal region, is seen to be more
pronounced in mIPs processed with WHP and WHPC. When compared
to processing with HHP, small and faint venous structures appear more
clearly with WHP and WHPC. Panels (b1)—(b3) illustrate glioma in the
fronto-temporal region, with microbleeds identified near the Sylvian
fissure and insular region.

In Fig. 6(a), a hemorrhagic bleed is identified in the bilateral
gangliocapsular region with multi-foci microbleeds in the basal ganglia
region. Among the three points of micro hemorrhagic bleed in the right
putamen, two points are seen with sufficiently high blooming in the
mlIP processed using HHP. Also, bleeding near the right globus pallidus
region appears clearly with higher blooming in WHP and WHPC pro-
cessed mIPs. For bleeding in intra ventricular space as shown in panels
(b), blooming in hemorrhagic transformation appears high in the WHP
and WHPC processed mIPs. It is clearly observed that venous structures
in the parietal and temporal regions which appear faint in the HHP
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processed mIP, are more prominent in the WHP and WHPC processed
mlIPs.

Microhemorrhage is seen in bilateral basal ganglia and subcortical
white matter in Fig. 7(a). In Fig. 7(b), the microbleed foci are seen in
the frontal white matter and parietal regions, favouring the diagnosis of
schwannoma. Since there is more mineral deposition in basal ganglia
structures, the hypo-intense appearance of these structures in Fig. 8
shows that WHPC emphasizes the SuR contrast better than the other
methods.
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Fig. 5. Left-to-right panels show mIP SWI images
obtained using (1) HHP, (2) WHP, and (3) WHPC
filters of two subjects with brain tumor. Top and
bottom rows show the mIP images over 8 slices of
3.0 T and 1.5 T data, with slice thickness 2.4 mm and
2.1 mm, respectively. Red arrows are used to in-
dicate the venous structures which appear prominent
with WHP and WHPC. Yellow arrows in the bottom
panels highlight the improved visualization of mi-
crobleed points. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 6. Left-to-right panels show mIP SWI images
obtained using (1) HHP, (2) WHP, and (3) WHPC
filters of two subjects with hemorrhagic bleed. Top
and bottom rows show the mIP images over 8 slices
of 3.0T and 1.5T data with slice thickness 2.4 mm
and 2.1 mm, respectively. Red arrows in the top pa-
nels highlight the microbleed foci of interest. The red
arrows in the bottom panels indicate venous struc-
tures in the parietal and temporal regions. These
appear faint with HHP processing, but prominently
seen with processing using WHP and WHPC filters.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

3.4. Statistical analysis

Paired t-tests are performed to evaluate differences between the
mean separation values for all three filter types. The improvement in
filtering performance in respect of the overall SuR information is shown
by the bar graphs depicting the mean separation as a proxy measure.
Top two rows in Fig. 9 shows the mean separation in tumor, stroke,
microbleed and dementia data (left to right) acquired at 1.5 T (top row)
and 3.0 T (second row). For each pair of filtering scheme, the symbols
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(*) and (#) correspond to significance levels of 0.001 and 0.05, re-
spectively.

Motivated by prior studies using relative phase changes in fronto-
temporal and basal ganglia regions for quantitative assessment of cer-
ebral iron content in subjects with mild cognitive impairment [30],
phase values in the CSF and two ROIs in basal ganglia region (R; in the
globus pallidus (GP) and R, in the putamen (PT)) are measured. Paired
t-tests are then performed to evaluate the relative phase change be-
tween the CSF and the respective ROI Panels (c1) and (c2) of Fig. 9
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Fig. 7. Left-to-right panels show mIP SWI images
obtained using (1) HHP, (2) WHP, and (3) WHPC
filters of two subjects with microbleed. Top and
bottom rows show the mIP images over 8 slices of
3.0T and 1.5 T data with slice thickness 2.4 mm and
2.1 mm, respectively. Red and yellow arrows are
used to indicate the faint venous structures and mi-
crobleeds which appear faint with HHP processing,
but prominently seen with processing using WHP
and WHPC filters. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 8. Left-to-right panels show mIP SWI images
obtained using (1) HHP, (2) WHP, and (3) WHPC
filters of two subjects with mild cognitive impair-
ment. Top and bottom rows show the mIP images
over 8 slices of 3.0T and 1.5T data with slice
thickness 2.4 mm and 2.1 mm, respectively. Red and
blue arrow heads indicate increased prominence in
the appearance of venous structures and the presence
of iron deposition. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)

li*s 76

show bar graphs of the mean phase values (averaged across all ten
dementia patients with scans taken at 3.0 T) measured in R; and Ry,
respectively. The p-values of the paired t-tests for each filter type are
also indicated alongside each bar graph. Among the three filter types
used, the mean phase change is the highest for WHPC with a p-value
p < 0.002.
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Fig. 9. Bar graphs showing mean separation in tumor, stroke, microbleed and dementia data (left to right) acquired at 1.5 T (top row) and 3.0 T (bottom row). For
each pair of filtering scheme, the symbols (*) and (#) correspond to significance levels of 0.001 and 0.05, respectively. Panels (c1) and (c2) show bar graphs of the
mean phase of ROIs in cerebro-spinal fluid (CSF) and the basal ganglia regions (R; in the globus pallidus (GP) and R, in the putamen (PT)). The mean phase is
computed by averaging the phase values in each ROI across all ten dementia patients, with scans taken at 3.0 T. The p-values of the paired t-tests for each filter type
are also indicated alongside each bar graph.
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Fig. 10. Shift in scale parameter cor-
responding to the peak mean separa-
tion with increase in SNR. Same vo-
lunteer is scanned at both 1.5 T (dotted
line) and 3.0 T (bold line). The in-plane
resolutions and slice thickness are kept
same in both scans. For the same fil-
tering scheme, the SNR will higher at
3.0T. For 3.0T, the scale parameter
corresponding to the peak mean se-
paration is shifted to the right. Due to
the effect of noise compensation,
WHPC filter exhibits additional right
shift in the scale parameter as com-
pared to that of WHP filter.
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Magnitude SWI (448 x 364)
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Fig. 11. Top and bottom rows show the
magnitude SWI images of a volunteer
scanned at 1.5T for two different re-
solutions: (a) 384 x 288 and (b)
1024 x 832. Column-wise panels show
the magnitude SWI images generated
from phase images that are WHP fil-
tered using different neighborhood
sizes (N, = 3, 5, 7 and 9). The VB-CNR
values are shown in the insets. The blue
line indicates a venous location and its
surrounding pixels used for the com-
putation of VB-CNR. (For interpretation

Magnitude SWI(1024 x 832)

VB-CNR =2.15

VB-CNR =2.71

VB-CNR =3.52

VB-CNR =2.46

of the references to colour in this figure
legend, the reader is referred to the
web version of this article.)
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Fig. 12. Top and bottom rows show the
magnitude SWI images of a volunteer
scanned at two different field strengths: (a)
1. 5T and (b) 3.0T for same in-plane re-
solution of 448 x 364 and slice thickness of
2.0mm. Column-wise panels show the
magnitude SWI images generated using
different neighborhood sizes (N,). Blue and
red lines indicate ROI-1 and ROI-2 de-
picting the venous location and its sur-
rounding pixels used for the computation of
VB-CNR. Bar graphs indicating VB-CNR
computed at ROI-1 and ROI-2 are shown in
panels (c1) and (c2). Irrespective of the
field strength, VB-CNR is highest for N, = 3
in both ROIs. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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Fig. 13. CNR as function of number of phase mask multiplications. Top row shows the magnitude SWI images obtained using HHP filter for increasing number (I') of
phase mask multiplications (left-right). Panels (b1-b4) show the VB-CNR profiles for increasing values of T across the ROI (blue line) in magnitude SWI images
obtained using HHP filter. It is seen that the maximum VB-CNR is obtained for I' = 4. For the purpose of comparison, panels (c1) and (c2) show the magnitude SWI
images obtained using WHP and WHPC filters, respectively, with I' = 4 number of phase mask multiplications. The corresponding VB-CNR profiles are shown in (d1)
and (d2). It is seen that both visual quality and CNR are improved for WHP and WHPC filtered SWI as compared to that of the HHP filtered SWI. The VB-CNR is
highest for WHPC filter. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

SWI sequences employing three-dimensional GRE acquisition with
gradient moment nulling, exploit the differences in T2* decay resulting
from intra-voxel dephasing for enhancing the sensitivity to microscopic
susceptibility differences. SWI benefits from acquisition at higher field
strength, as phase accumulates faster at higher field, allowing shorter
TE and TR, thus less T2* decay, higher SNR, and more rapid acquisition
[31,32]. All types of SWI sequences produce filtered phase images in
which the paramagnetic regions exhibit oppositely signed phase values
in comparison to the diamagnetic calcifications. The polarity of phase
in paramagnetic regions is inherently scanner dependent, with regions
of cortical veins or dural sinuses used as the reference. While scanners
by Siemens and Canon use so-called “left-handed” reference schemes
for which the blood products appear bright; GE and Philips use a “right-
handed” reference for which these appear dark.

The SWI sequence licensed by Siemens Healthcare uses post-pro-
cessing similar to that developed by Haacke et al. [12]. The SWI se-
quence provided by GE which is popularly known as SWAN, applies a
multi-TE readout technique with post-processing reconstruction ob-
tained as weighted averaged sum of the individual echo images. Philips
offers phase difference-enhanced imaging (PADRE) with the capability
for secure enhancement of an objective tissue independently of the
imaging resolution. As in conventional SWI processing, PADRE uses a
HHP filter to remove the low-frequency background. A phase mask is
then created by application of a polynomial function of the HP filtered
phase image, the highest degree of which is selected so as to maximize
the CNR. With changes in image resolution, the filter size and para-
meters of the polynomial function are adapted so as to retain the image
contrast.

To the extent that the SWI post-processing methods among different
vendors are compared, the contribution in PADRE is unique due to the
nature of adjustments in the phase mask parameters driven by changes
in the filter size and image resolution. Similar to PADRE, the choice of
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the WHP filter size is also based on image resolution. However, the
main distinction is that, while the phase mask parameters are empiri-
cally adapted with change in image resolution to maintain the contrast
in PADRE, the SWI processing using WHP filter provides the flexibility
of choosing the contrast parameter independently of the filter size. Also
distinct from the HHP filter that is commonly used in SWI processing by
all major vendors, the WHP filtering scheme is presented with three
notable features. The first is the unique method of spatially filtering the
phase to derive the desired SuR information. This uses a weighting
scheme applied to the phase differences computed between each voxel
and a fixed size neighborhood dependent on the image resolution. The
second is the choice of a suitable filter scale parameter, fixed by ad-
justing the mean separation of the phase mask, for minimizing the
undesirable signals. It is experimentally observed that the filter scale
parameter corresponding to the maximal mean separation is also de-
pendent on the SNR. This is shown in Fig. 10 by comparing the filter
scale parameter values for a single volunteer, scanned at 1.5T and
3.0 T, with same in-plane resolution (448 x 364) and slice thickness
2mm. The third notable feature is the introduction of noise-compen-
sation weights into the spatial operation in WHPC filter. As seen from
the plots of mean separation for WHP and WHPC filters, further effect of
SNR is observed from the shift in the peak of mean separation in WHPC
to a higher value of filter scale parameter.

The dependence of WHPF performance on imaging resolution and
field strength are examined further by carrying out two separate ex-
periments. To examine the dependence on in-plane resolution, a vo-
lunteer was scanned at two different in-plane resolutions of (a)
384 x 288 and (b) 1024 x 832 for the same slice thickness (2 mm) and
field strength (1.5 T). Fig. 11 shows magnitude SWI generated from the
single volunteer at the two resolutions. It is observed that the VB-CNR is
maximum at N, = 3 for the low resolution data, and N, = 7 for the high
resolution data.

In the experiment to examine the dependence on field strength, the
volunteer was scanned at two different field strengths of (a) 1.5 T and
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Fig. 14. Row-wise panels show the magnitude SWI images of a volunteer scanned at three different TE/TR: a) 40/49 ms, (b) 35/44 ms and (c) 30/39 ms for the same
slice thickness (2.1 mm) and field strength (1.5 T). Column-wise panels show the magnitude SWI images generated using HHP, WHP and WHPC filters. Red line
indicates ROI depicting the venous location and its surrounding pixels used for the computation of VB-CNR. The VB-CNR values are shown in the insets. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(b) 3.0 T with the same slice thickness (2 mm) and in-plane resolutions
(448 x 364). Fig. 12 shows the magnitude SWI images generated from
the single volunteer at 1.5 T and 3.0 T. In both the cases, the VB-CNR is
found to be maximum at the same neighborhood size (N, = 3). This
shows that N, can be fixed based on the image resolution, irrespective of
the field strength. Although the processing involved is the same in both
cases, the mean VB-CNR of 3.0 T data computed across the two ROIs
(indicated by the blue and red vertical bars), is observed to be 63.50%
higher compared to that of 1.5 T. The higher CNR is in accordance to
the larger change in phase that is directly proportional to the field
strength.

The introduction of noise compensation also enhances the CNR for
given value of the contrast parameter. For a linear phase mask, the
contrast is determined by the number of phase mask multiplications.
For other non-linear mapping functions such as the exponential or
Lorentzian function, the contrast parameter I' appears as a scale factor
of the HP filtered phase image denoted by ¢z. The exponential mask is
of the form exp(T'@g < o)), with the contrast parameter I' > 0 in a right
handed system for which @g(< 0y = @y when @y < 0 and 0 for gy = 0.
Likewise, a Lorentzian mask with contrast parameter I' can be gener-

ated using 1/(1 + (‘PTH)Z) With any form of phase mapping function
used to generate the phase mask, I' is chosen such that the CNR of the
SWI image is maximal. For HHP filtered magnitude SWI and linear

phase mask, this is illustrated in Fig. 13 below. Top row shows the
magnitude SWI images obtained using HHP filter for increasing values
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of I'. The corresponding VB-CNR values are shown in the insets. It is
observed that with increase in I', the VB-CNR value first increases and
then decreases. This is due to the compounding effect of noise. Panels
(b1)-(b4) show the VB-CNR profiles for increasing values of T. It is seen
that the maximum VB-CNR is obtained for I' = 4. For the purpose of
comparison, panels (c1) and (c2) show the magnitude SWI images ob-
tained using WHP and WHPC filters, respectively, with T = 4. The
corresponding VB-CNR profiles are shown in (d1) and (d2). It is seen
that both visual quality and CNR are improved for WHP and WHPC
filtered SWI as compared to that of HHP filtered SWI. Thus in com-
parison to the HHP filtered SWI at I' = 4, we observe 6.50% increase in
VB-CNR for WHP filtered SWI and 26.97% for WHPC filtered SWI.

A main advantage of the WHP filter is the possibility of shortening
the SWI measurement, due to its ability to achieve the same or better
VB-CNR performance as that of an HHP filtered SWI acquired at a
slightly longer TE/TR. The dependence of SWI contrast on TE/TR was
examined by scanning a volunteer at three different TE/TRs (a) 40/
49 ms, (b) 35/44ms and (c) 30/39ms for the same slice thickness
(2.1 mm) and field strength (1.5T). Fig. 14 shows the magnitude SWI
generated using all three filtering schemes at the three TE/TRs. It is
observed that both WHP and WHPC filtered magnitude SWI exhibit a
higher VB-CNR at shorter TE/TR than the HHP filtered magnitude SWI
acquired at the longer TE/TR. For example with a 12.5% reduction in
TE, the venous structures are preserved with a VB-CNR improvement of
36% for WHP and 55% for WHPC with reference to that of HHP filter at
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longer TE/TR. At the shorter TE, the HHP filter reduces the VB-CNR by
7%. Although shortening the TE by > 25% can lead to loss of structural
information, the use of WHP and WHPC filters still exhibit VB-CNR
improvements for venous structures that are preserved.

Apart from the aforementioned technical advantages, WHP filtering
with noise compensation also provides several other benefits from a
clinical perspective. In subjects with cerebrovascular bleeds, increase in
blooming by the application of WHPC filter facilitates easier identifi-
cation of the bleed foci. Although the blooming artefacts in SWI se-
quences have some intrinsic disadvantages, a useful sign would be for
detecting sources of field inhomogeneities. This is because the SWI is
clinically helpful for only identification and not localization of bleeds.
In WHP filtering scheme, the blooming is essentially controlled by the
extent of over-emphasis of the phase differences as a result of appli-
cation of the filter weighting function. Apart from the effect of the filter,
the blooming effect is also modulated by the acquisition parameters
(field strength, slice thickness, TE, inter slice gap, TR, flip angle, and
matrix size) [33,34].

The WHP filter is also found to be sensitive to changes in mild
cognitive impairments, as evidenced by the relative increase in the
hypo-intense gradation of the putamen structure in comparison to that
revealed by HHP filter. Also in comparison to the standard SWI, the
WHP processed SWI shows increased capability to differentiate the
basal ganglia structures based on their SuR contrast.

Besides these major points, some of the subtle aspects of our filter
can be highlighted with reference to the mIP SWI images shown in the
Results section. For example, the low signal intensity bands (LSBs) in
optic radiation (OR) as observed in Fig. 4(c) can be interpreted in terms
of possible SuR effects induced by several potential mechanisms in-
cluding iron content, myelin content or the presence of deox-
yhemoglobin in the layered vascular structure adjacent to the OR
[35,36]. Further, the WHPF images in Figs. 7-8 are shown to emphasize
the hypointense small features involving the gray white border and
sulcal veins. This may be due to the over emphasis of SuR information
from local u-fibers or blood vessels in these areas as reported elsewhere
[37,38]. Another possible explanation for small hypointense features is
due to the diamagnetic effect of myelin proteins that may counteract
the paramagnetic effect of iron, thereby contributing to the SuR con-
trast between gray and white matter [39-42]. It is also noticed that the
transverse vein in Fig. 6(b2) (right hemisphere, red arrow) is seen to be
accompanied with extra edge like structure. This type of hypointense
rims involving sulcal veins have already been reported in other SWI
studies [37,38].

The main limitation of our approach is the need for a training phase
to determine the best possible neighborhood size for the spatial op-
eration, especially when the acquisition is performed at a higher re-
solution. Additional computational cost is incurred due to the re-
quirements of phase unwrapping, background suppression, and tuning
of the filter scale parameter. Furthermore, incorporation of noise
compensation in the spatial filter necessitates phase unwrapping to be
performed for each channel separately, along with noise estimation.
Therefore, the computational burden increases with increase in the
number of channels. In pMRI with accelerated acquisition, the accuracy
of noise compensation can be improved by performing a separate noise
scan. It is true that the WHPF method requires the user to save and
process individual channel images. However, in a more applied setting,
it is possible to integrate the compensation weight calculation and
provide the compensation weight map together with the DICOM images
to the end user. Thus the complexity of the filtering process is limited to
the need for a voxel-by-voxel calculation of the filter weights and an
initial training phase in which the neighborhood size can be de-
termined.

5. Conclusion

We have presented an HP filtering scheme for SWI, with spatially
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varying filter strength to emphasize the local SuR phase information.
The undesirable information is rejected using a filter scale parameter
tuned according to the mean separation of the phase mask.
Incorporation of noise compensation weights in the filtering process
using prior information about the magnitude intensity and the noise
level, serves to further improve the CNR. As a post-processing method,
the main advantage of this filtering scheme is that the filter parameters
can be automatically tuned to provide high CNR without increasing
artefacts due to filtering or noise and losing SuR information in com-
parison to that of HHP filter. However, it cannot be used to restore
information lost due to shorter TE.
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