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ABSTRACT

MRI is a widely studied imaging modality due to its superior resolution and soft-tissue con-
trast. However, the application of MRI is limited in cases when metallic interventional devices are
present in the target tissues. High susceptibility of metallic objects often causes artifacts in MR
images, making them difficult to localize. SWI is a widely used clinical tool to enhance the image
contrast in MR imaging modality. SWI uses phase information of MR images to enhance contrast
in tissues with different susceptibilities. In this study, we use a novel SWI-based approach called
Metal ARtifact Based Landmark Enhanced SWI (MARBLES) to create a positive contrast image
(PCI) for localizing the metallic objects in the MR images. The approach was tested on four dif-
ferent dataset and the results were observed, discussed and compared against that of a Qualitative

Susceptibility Mapping (QSM) based approach.
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1. INTRODUCTION AND LITERATURE REVIEW

1.1 Background

Imaging often plays significant roles in surgeries involving interventional devices for various
purposes such as localization of target, guidance during the surgery and post-surgery evaluation.
Over the years, computed tomography (CT), positron emission tomography (PET) and ultrasound
imaging have been the choice of imaging modalities for these applications due to their relatively
low cost and fast acquisition.

Ultrasound imaging is one of the imaging modalities well known for its fast and inexpensive
applications in imaging guided procedures. Ultrasound guided interventional procedures were
used for diagnosing ailments such as liver neoplasms [1], brain tumors [2] and breast lesions [3,4].
As early as 1983, the modality was employed for guiding the brachytherapy procedure [5, 6].

CT is another non-invasive modality employed for imaging guided surgeries due to its cheap
cost and good image quality [7]. CT was also used to guide procedures such as biopsy [8—10],
stereotactic surgeries [11], angiography [12], brachytherapy [13, 14] and deep brain stimulation
[15].

PET is also an imaging modality with applications in imaging guided procedures [16]. PET was
employed during the planning phase of the brachytherapy [17, 18] and surgery phase of deep brain
stimulation (DBS) [19]. PET and CT were also used in combination to improve interventional
device localization [20].

X-ray fluoroscopy imaging is yet another modality known for its utility in image guided pro-
cedures such as gynecologic brachytherapy [21-23], cardiac catheterization [24], uteral stent ex-
change [25] and biopsy [26, 27]. However, the risk of radiation exposure issue due to ionizing
radiation [28] and the poor tissue contrast compared to that of ultrasound imaging, CT and MRI
[29] make fluoroscopy undesirable as a image guiding modality.

Imaging guided surgeries also use fluorescence imaging, popularly known as Fluorescence



Guided Surgery (FGS). FGS is well known for being inexpensive and also for its superior image
resolution [30]. FGS was proved to be efficient for various procedures such as tumor detection
[31] and cancer surgeries [32,33]. Nevertheless, FGS often has poor penetration depth [34], as a
result of using visual and near infrared (NIR) spectrum.

However, the superior soft-tissue contrast and image quality has driven scientists to explore
the use of MRI in surgeries such as brachytherapy, biopsy and angioplasty. In the 1980’s, MRI
was explored for its application in planning phase the brachytherapy surgery [35-37]. In 2004,
a detailed documented study was conducted for prostate brachytherapy surgeries with MRI being
employed at every stage [38], exhibiting the feasibility of MRI as a superior guidance imaging
modality. MRI was also explored for its application and safety for DBS procedures [39-41].

While the interventional devices needed to be MRI compatible for the monitoring to be fea-
sible, most of the devices have metallic outer shells with high magnetic susceptibility. The high-
susceptibility objects affect signals from the surrounding tissues by introducing fast dephasing,
decreasing the signal to noise ratio (SNR), causing visible artifacts [42—44]. The affected region
can be viewed as dark spots in the conventional MR images, which are often several times big-
ger than the objects themselves. The dark spots often make it difficult to locate the objects in the
magnitude image, thus limiting its localization and assessment in MR images [38,45]. This phe-
nomenon also makes it difficult to differentiate the metallic objects from other dark objects in the
magnitude image such as arteries, natural cavities and bones [44].

Approaches such as Slice Encoding for Metal Artifact Correction (SEMAC) [46] and Multiple
Acquisition Variable Resonance Image Combination (MAVRIC) [47] were proposed to minimize
the effect of the artifacts. Nevertheless, the visualization of the metallic objects themselves was

not improved with these methods [48,49].
1.2 Literature Review

Several methods were proposed to improve the metallic object visualization in MRI. The tech-
nique Inversion-Recovery with ON-resonant water suppression (IRON) [50] used a spectrally-

selective on-resonant saturation pre-pulse to provide positive image contrast. A recent study intro-



duced a technique called center-out RAdial Sampling with Off-resonance Reception (co-RaSOR)
[49] that uses off-resonance reception and shifts the signal towards the center of the object to
construct a positive contrast. Further improvement was done to co-RASOR to use single acquisi-
tion and in addition to off-resonance reception [51]. However, the requirement of significant pulse
sequence modification in these methods complicates their implementation using clinical MRI scan-
ners, limiting their utility.

To address this problem, numerous post-processing methods were proposed, as they do not
require pulse sequence modification. The method Susceptibility Gradient Method (SGM) [52]
approached used local field map gradient to construct the positive contrast, where the gradient
was calculated using Short-Term Fourier Transform (STFT) over a window. The method was later
improved to replace the STFT step with a truncated filter in k-space, with the name SGM Using the
Original resolution (SUMO) [53]. Nonetheless, the positive contrast regions constructed by both
these approaches were much larger in area than the objects, causing potential errors in localization.

Qualitative susceptibility mapping (QSM) is another post-processing approach primarily devel-
oped and used to visualize Super Paramagnetic Iron Oxide (SPIO), iron deposition in capillaries
and veins [54-56]. Despite being widely studied for visualization, a direct application of QSM
methods on the MR images is limited. This is due to MRI images suffering high signal loss and
rapid phase wrapping as a result of high susceptibility of metallic objects.

A novel susceptibility based positive contrast approach for visualizing brachytherapy seeds was
introduced by Dong et al [57,58], which combines both sequence developing and post-processing
methods. The approach exploits the phase difference in modified spin echo (SE) sequences caused
by susceptibility to compute the local field map. The susceptibility map Y is obtained from kernel

deconvolution using /; minimization described by

argmin f(x, A) = |[W/(Cx = AB)[J; + AlIMGxlx (1.1)

where (' is a dipole kernel convolution operator, M and W are masking and weighing matrices

respectively, AB is the field map and G is a first order gradient operator. An improved version



has recently been introduced to replace SE with fast spin echo (FSE) sequences, improving the
acquisition speed of the MR images [59]. However kernel deconvolution and /; minimization
usually requires high computation time.

In this study, we proposed a Susceptibility Weighted Imaging (SWI) based approach called
Metal ARtifact Based Landmark Enhanced SWI (MARBLES) to construct a PCI for visualization
and localization of the metallic interventional devices in MR images. SWI uses the phase infor-
mation of MR images in order to enhance the contrast of the tissues with different susceptibilities.
SWI recently became a very popular clinical imaging tool for visualizing and diagnosing iron de-
posits in brain, deoxyhemoglobin in blood, calcification etc. [60], where it uses phase information
to enhance the contrast between tissues of different susceptibilities [61-63].

In our approach, we used modified SWI-based technique to highlight the metallic objects in
the PCI. The technique takes into account the locations of artifacts in the local field formed due
to the metallic objects and uses them to construct a region of interest (ROI) to narrow down their
locations. The phase information is further used in conjunction with the ROI to construct a phase
mask, followed by the construction of a PCI. The target objects can be visualized using Maxi-
mum Intensity Projection (MIP). The technique uses significantly simple mathematical approach,

making it computationally faster than other approaches discussed above.



2. METHODS

2.1 Data Acquisition

Four image datasets were used for our experiments. The image acquisitions were carried out
using a 3T Siemens whole-body MRI scanner with an eight-channel phased array coil. For each
dataset, two datasets with and without 7, ¢, were acquired using [59]. The turbo factor in the

acquisitions were 7.
2.1.1 Biopsy Needle Experiment

In the first dataset, the phantom was constructed using a titanium biopsy needle inserted in a
plastic container filled with distilled water. The distilled water was doped with 1.0g 1 — 1 copper
sulphate solution. The needle was 160.0mm long and 2.0mm in diameter, and was oriented par-
allel to the magnetic field. Scan parameters were: FOV = 80mm x 80mm x 80mm, matrix size
=128 x 128 x 37, TR = 2000ms, TE = 18ms, in-plane resolution = 0.625mm x 0.625mm, slice
thickness = 1.5mm, slice gap = 0.25%, bandwidth = 134H 2/ Pixel, Typ; s+ = 0.6ms and Oms. The

total acquisition time was 4.0min.
2.1.2 Brachytherapy Seeds Experiment

The phantom for the second dataset was a pork tissue inserted with five dummy brachytherapy
seeds at different inter-seed spacing. The dummy seeds were made of a titanium capsule which
encloses a silver rod impregnated with Iodine-125. The seeds were carefully placed as perfectly
oriented along the By field. A cavity, a capillary and a human bone were also simulated using
a plastic stick, a bamboo toothpick and a small animal bone, respectively. Acquisition of image
slices was done along the coronal plane, while the seeds were oriented in the longitudinal direc-
tion. Using a modified fast-spin echo sequence, the data was acquired with the scan parameters as
follows: FOV = 120mm x 120mm x 15mm, matrix size = 192 x 192 x 10, TR = 2000ms, TE
= 18ms, in-plane resolution = 0.625mm x 0.625mm, slice thickness = 1.5mm, slice gap = O0mm,

and bandwidth = 134H z/ Pizel. Two datasets were obtained with echo shift of T; s, = Oms and



0.6ms.
2.1.3 Stent Experiment (Coronal)

For the third dataset, the experiments were executed on a tracheal stent, manufactured by
Micro-Tech (Nanjing) Co., Ltd. The phantom is constructed by perpendicularly inserting the stent
into a gelatin phantom doped with 1.0 g/L copper sulfate solution. The stent was made of Ni-Ti
alloy with magnetic susceptibility X pitinot = 245ppm. The dimensions of the stent were as follows:
length x diameter = 60mm x 20mm and wire diameter = 0.24mm. For dataset acquisition, the
axis of the stent was oriented perpendicular to the direction of the magnetic field.

Scan parameters were: FOV = 95mm x 95mm, voxel size = 0.3668 x 0.3711 x 1.5000, matrix
size = 259 x 256 x 17, TR = 2000ms, TE = 18ms, in-plane resolution = 0.37mm x 0.37mm, slice

thickness = 1.5mm, slice gap = Omm, bandwidth = 134H 2/ Pixel, Typ; e = 0.6ms.
2.1.4 Stent Experiment (Traverse)

The fourth dataset uses the same phantom from the third dataset (see section 2.1.3), where the
stent in the phantom is oriented parallel to the direction of magnetic field for the dataset acquisition.
Scan parameters for the acquisition were: FOV = 95mm x 95mm, voxel size = 0.3668 x 0.3711 x
1.5000, matrix size = 259 x 256 x 25, TR = 2000ms, TE = 18ms, in-plane resolution = 0.37mm X

0.37mm, slice thickness = 1.5mm, slice gap = Omm, bandwidth = 134H 2/ Pizel, Typ; ;e = 0.6ms.
2.2 Positive Contrast Image Reconstruction

The applications of susceptibility weighted imaging for MR imaging was extensively studied
for several years. Haacke et al. [62] explained that the phase at the locations with metallic content
such as veins, arteries and metallic interventional objects was negative, and discussed various

approaches to combine magnitude and phase images for SWI.
2.2.1 Constructing Magnitude Mask

In our approach, we first obtain a magnitude mask by thresholding the magnitude image to

provide us with information on the metal object locations and other conflicting objects. Since
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Figure 2.1: Flowchart Describing the process to create Positive Contrast Image from MR Image
Data

magnitude images often have metallic objects, simulated blood vessels, cavities and bones appear
as black regions [38, 64—68], the magnitude mask provides primary information on the metal tar-
get locations. Since the datasets we have are multichannel, the channels are first combined by
calculating the sum of squares of the magnitude image across all the channels. This is followed
by thresholding the resultant combined magnitude image. The threshold for magnitude mask was

experimentally set to 20% of the maximum voxel magnitude.
2.2.2 Constructing Local Field Mask

Local field map is subsequently constructed from the phase maps according to the process
described by Dong et. al [57]. The local field is calculated by removing the background noise

from the field map A B, which is calculated according to the equation
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where ¢ is the unwrapped phase of the image at each voxel, A¢ is the corresponding unwrapped
phase difference of the two spin-echo sequences, ATy, is the difference in echo shifts of the
two images, 7 is the gyromagnetic constant, and B is the magnetic field strength using which the
images were acquired. The background field is removed from the field map using Laplacian Bound
Value (LBV) [57,69] to obtain the local field.

Since artifacts due to metallic objects are also formed in phase images, they are often present in
the calculated local field as well. Since these are not formed around the other conflicting objects,
the artifacts can be used as landmarks for estimating the neighborhood locations of the metallic
objects. A reliable method for obtaining the neighborhood is to threshold the gradient of the local
field, followed by morphological dilation. In our experiments, we have used 3 x 3 Laplace filter to
calculate the local field gradient. The threshold for local field mask was set to 40% of the maximum
magnitude of local field gradient. The morphological dilation was performed using a strel kernel

with diameter of 3 pixels.
2.2.3 Construction of ROI

From both the magnitude and local field masks, a common region indicating the locations of
the metallic objects is obtained. Hence a Region of Interest (ROI) is constructed by performing the
logical AN D of magnitude and field map masks. The ROI excludes the dark spot locations formed
due to conflicting objects, as these objects do not induce artifacts. Thus, ROI indicates regions that
are in the vicinity of the artifact regions and also appear dark in the magnitude image, providing

us with the neighborhood of only metallic objects, while excluding the conflicting objects.
2.2.4 Phase Mask Construction

Before constructing the phase mask, we combine all the channels in the MR image to obtain
the combined phase O(x). Due to rapid phase wrapping and low magnitude, the phase information

in the vicinity of the seeds are unreliable. The assumption is based on the fact that low SNR is



yielded by a low magnitude signal, thus making it more unreliable. Thus, to lower the weight on
unreliable information around the seeds, we use magnitude image as weights for combining the

phase, according to

c

O(z) = z(é > e WM ()) (2.2)

=1
where C is the number of channels, 6.(z) and M.(x) are the phase and magnitude images for
channel c. This is followed by unwrapping the combined phase using LBV.

Finally, a phase mask is constructed in a manner similar to Haacke et al. [61,62]. The use of
High Pass (HP) filtering step as mentioned in [62, 63, 70] was found to result in loss of important
phase information by removing the metal object artifacts. We hence use the information obtained
from the ROI and the phase image obtained from equation(2.2) to construct a phase mask defined
in equation (2.3). The phase mask function g(x) is defined to enhance the metal object locations
while suppressing all other locations as follows:

“LATEO) - for — 7 < ¢(x) < 0 and z € RO

™

g(x) = (2.3)
0.5, otherwise

where ¢(x) is the unwrapped phase image at x. The function g(x) enhances the voxels with

negative phase in the RO/ and suppresses the rest of the voxels.
2.2.5 PCI Reconstruction

The contrast in the phase mask can be enhanced by multiplying the phase mask with itself as

many times (integer m) as required to construct a positive contrast image I (), according to

I(z) = g"(z) (2.4)

where I(x) is the PCI constructed from the phase mask, m is the tuning parameter for adjusting

the contrast as required in the PCI. In our experiments, we have set the value of m to 8.



2.2.6 Computational Complexity

Computational complexity calculations for QSM and MARBLES were estimated assuming the
input to be the local field map and output as PCI for both approaches.

The computational complexity of QSM approach mentioned in [57] was estimated to be of the
order O(pN log N), described in appendix A, where N is the MR image size and p is the number
of operator calls made to calculate terms in equation (A.2).

For MARBLES, we first estimate the complexity of the magnitude mask construction. The con-
struction of magnitude mask involves simple thresholding, making it an operation with complexity
order of O(1).

For Local Field Mask construction, the Laplace filter, thresholding and morphological dilation
operations are taken into account for computational complexity calculations. Since Laplace filter
operation is a two-dimensional convolution operation, the complexity of its operation is O(gNV),
where ¢ is the size of the Laplace filer. Thresholding and dilation operations are O(1) and O(N)
operations respectively. Thus, the complexity of constructing the local field map is O(¢N) +
O(1) + O(N) = O(gN).

Hence, on comparing the respective complexities for both approaches, we see that MARBLES

has theoretically lower computational complexity for PCI construction.
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3. RESULTS AND DISCUSSION

The experiments were performed on 4 datasets to compare the performance of QSM vs. MAR-
BLES. All the QSM calculations were performed using the methods described in Shi et al. [59]
Qualitative Susceptibility Maps (QSM) for the datasets were computed and compared against our
results. Figures 3.1, 3.2, 3.3 and 3.4 demonstrate the experimental results with puncture, seeds and
both stent (coronal and traverse) datasets respectively.

Simulations and computation time comparisons were implemented using a computer in MAT-
LAB version R2017b environment running in 64-bit Windows 10 operating system. The computer

was equipped with 16 GB of RAM and Intel Core i7-7500U processor.
3.1 Experiments with Biopsy Needle

Figure 3.1 shows the comparison of results of MARBLES vs. QSM for puncture data. The
center (20%") slice of the dataset was used for slice comparisons and the MIP was used to com-
pare the shape retention of the biopsy needle. Figure 3.1d shows the local field mask generated
by thresholding the gradient of local field map, followed by morphological dilation. Figure 3.1e
shows the ROI constructed from the local field mask and the magnitude mask. It can be observed
that the ROI construction significantly narrows down the search for the target region, as the target
objects are often in the neighborhood of the artifact locations. Figure 3.1h demonstrates the local-
ization of the biopsy needle using MARBLES marked in green on the magnitude image slice. MIP
comparison for both MARBLES (Figure 3.1j) and QSM (Figure 3.11) shows that the shape of the

needle is preserved with MARBLES approach.
3.2 Experiments with Brachytherapy Seeds

Figure 3.2 shows the comparison of results of MARBLES vs. QSM for the Seeds dataset. For
slice comparisons, the 4th glice of the dataset where the seeds are found was used. The Seeds
dataset is a more interesting dataset for the experiment, as it contains multiple target objects and

conflicting objects that can cause dark regions in the magnitude image. Figure 3.2a shows a picture

11
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Figure 3.1: Representative reconstructions from data acquired using the phantom with a biopsy
needle. (a) Magnitude image (slice 20); (b) Unwrapped Phase Image (slice 20); (c) Local Field
Map (slice 20); (d) Local Field Mask (slice 20); (e) ROI (slice 20); (f) PCI generated using QSM

(slice 20); (g) PCI generated using MARBLES (slice 20); (h) Needle location marked in Magnitude
Image (slice 20); (i) MIP for QSM (j) MIP for MARBLES

of the tissue phantom with positions of all the seeds and conflicting objects such as the plastic stick,
bamboo stick and animal bone marked and labeled. The seeds in the phantom are placed with the
spacing between them marked in figure 3.2a as L; = bmm, Ly = 15mm and L3 = 10mm
respectively. Magnitude image, as shown in figure 3.2b shows dark areas that are not caused by
the metallic seeds such as a plastic stick, bamboo toothpick and a small animal bone simulating

the presence of a cavity, capillary and a bone in the tissue, respectively.

12
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Figure 3.2: Reconstruction of Brachytherapy seeds from Seeds dataset (a) A picture of tissue phan-
tom showing the positions of the brachytherapy seeds, bone, plastic stick and bamboo toothpick
marked and labeled (b) Magnitude Image (c) Unwrapped Phase (d) Local Field Map (e) Local
Field Mask (f) ROI (g) PCI generated using QSM (h) PCI generated using MARBLES (i) Seed
locations marked in Magnitude Image (j) MIP for QSM based PCI (k) MIP for MARBLES based
PCI

Figures 3.2e and 3.2f show the local field mask and ROI respectively. It can be observed
from the local field (Figure 3.2d) and local field mask (Figure 3.2e) that the artifacts are formed
only around the seed locations, while the other conflicting objects only form dark regions in the
magnitude image. As a result, the ROI constructed (Figure 3.2f) is able to distinguish between

the neighborhood regions of the seeds from the other dark regions. MARBLES is shown to locate

13



Table 3.1: Distance Comparisons

Actual Distance (mm) Distance (MARBLES) Distance (QSM)

pixels mm Error(mm), pixels mm Error(mm)
Ly (Smm) 11.04 6.90 1.90 10 6.25 1.25
Ly (15mm) 25.02 15.64 0.64 26 16.25 1.25
Ly+Ly (20mm) 36 22.50 2.50 36 22.50 2.50
L3 (10mm) 17.03 10.64 0.64 16.12 10.07 0.07

all the five seeds in the dataset and was also able to differentiate between the target and other
non-metallic simulated objects.

Figure 3.2i demonstrates the localization of all five brachytherapy seeds using MARBLES
seen as green points marked on the magnitude image slice. Table 3.1 shows the comparison of
the inter seed distances measured using the PCI obtained from MARBLES and QSM respectively,
compared against the ground truth. The euclidean pixel distances were used to calculate the inter
seed distances in the PCI and are converted to mm scale using the in-plane resolution for the
dataset acquisition described in section 2.1.2. From the distance comparison, we see that the
measured inter seed distances with MARBLES and QSM approaches were close to each other.
The calculated distances were deviated from the ground truth by up to 1.25mm, which translates
to 2 pixels using the in-plane resolution for both approaches, showing similar performance with
localization of the seeds. The MIP was used to compare the shape retention of the seeds. MIP
comparison from figures 3.2j and 3.2k for both the QSM and SWI show that the shape of the seeds
is preserved in case of MARBLES.

3.3 Experiments with Stent (Coronal) Dataset

Figure 3.3 demonstrates the results of using MARBLES approach on the stent coronal dataset.

Stents have a mesh like structure, where the mesh orientation is not exactly parallel or perpendicu-
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Figure 3.3: Reconstruction of Stent Coronal image for the Stent dataset (a) Magnitude Image (b)
Unwrapped Phase (¢) Local Field Map (d) PCI generated using QSM (e) PCI generated using
MARBLES (f) MIP for QSM based PCI (g) MIP for MARBLES based PCI

lar to the magnetic field. Hence the results of the dataset can potentially demonstrate the influence
of shape and orientation of metallic objects on the proposed method.

The magnitude image (figure 3.3a) shows the 8" slice, approximately the center slice of the
dataset, calculated by the arithmetic average of all the 8 channels of the image. Figures 3.3b, 3.3c
and 3.3d describe the unwrapped phase, calculated local field and PCI from the QSM respectively.
Figure 3.3e shows the PCI constructed using MARBLES for the dataset, showing a coronal slice
of the stent, as seen in figure 3.3e. MIP comparison of PCI for MARBLES and QSM, shown in

figures 3.3g and 3.3f, demonstrate that the shape of the stent is retained with the MARBLES.
3.4 Experiments with Stent (Traversal) Dataset

Figure 3.4a shows the magnitude image of the 19" slice of the Stent Traversal dataset. The
Magnitude image shown is the RMS of all the 8 channels of the image. Figures 3.4b, 3.4c and

3.4d describe the unwrapped phase, calculated local field and the PCI from the QSM respectively.
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Figure 3.4: Reconstruction of Stent Traverse image for the Stent dataset (a) Magnitude Image (b)
Unwrapped Phase (c) Local Field Map (d) PCI generated using QSM (e) PCI generated using
MARBLES (f) MIP for QSM based PCI (g) MIP for MARBLES based PCI (zoom in view)

Figure 3.4e shows the PCI constructed using MARBLES for the dataset. On comparing the QSM
and SWI slices in figures 3.4d and 3.4e, we see that the stent shown by the MARBLES retains the
shape. Despite missing some parts of the circular cross section, the shape of the stent can be still
seen form the MIP (see figure 3.4g), where the tube shape can be observed to be retained when

compared to that of QSM based PCI (see figure 3.4f).
3.5 Computation Time Comparisons

Table 3.2 gives the comparison of PCI reconstruction times for QSM and MARBLES for the
datasets 2.1.1, 2.1.2, 2.1.3, 2.1.4. PCI reconstruction with MARBLES was found to be 100.7,
109.9, 96.4 and 157.1 times faster than that of QSM for Biopsy Needle, Brachytherapy Seeds,
Stent Coronal and Traversal datasets respectively, hence confirming our theoretical estimations in
section 2.2.6. Thus the computation speed of PCI reconstruction construction with MARBLES is

much faster than that of QSM.
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Table 3.2: Comparison of PCI construction times for MARBLES vs. QSM

PCI reconstruction time (seconds)
Dataset Speed-up factor
QSM MARBLES
Biopsy Needle 88.61 0.88 100.7
Seeds 89.0 0.81 109.9
Stent(Coronal) 154.3 1.6 96.4
Stent(Traverse) 220.0 14 157.1
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4. CONCLUSIONS

In this document, we proposed a new SWI based approach called Metal ARtifact Based Land-
mark Enhanced SWI (MARBLES) to visualize the metallic objects using MRI images. The method
works by exploiting the locations of phase artifacts formed due to the metallic objects and uses
them as landmarks to locate these objects. The method uses a phase mask in conjunction with an
ROI constructed based on the location of the artifacts in the local field. MARBLES was found to
be an effective and computationally faster approach for finding the locations of the metallic inter-
ventional devices. Experiments were performed on four datasets, while the results show that the
approach was able to successfully localize the objects in the datasets.

Results from experiments 3.1, 3.2, 3.3 and 3.4 prove the shape retention of metallic objects with
MARBLES when observed using MIP. The simpler computational approach made MARBLES
to be computationally faster than the QSM approach. Hence we conclude that MARBLES is
an alternative approach to the QSM-based method for visualizing smaller metallic devices such
as brachetherapy seeds and biopsy needles in MRI due to its faster computation and acceptable

performance.
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APPENDIX A

COMPUTATIONAL COMPLEXITY CALCULATIONS FOR QSM APPROACH

A.1 Convex optimization solution for QSM

The description of the QSM algorithm in [57] was used to solve the equation described by
equation (1.1). The approach solves the problem by setting first order derivative of (1.1) to 0,
given by

of

By~ 20 WH(W(Cx — AB)) + A\V|[MGx||; =0 (A.1)

Where,  is Hermitian operator. Since ||[M G|l is discontinuous at 0, we add a small reg-
ularization number p to make it continuous and differentiable at O [71]. Hence the derivative is
simplified to

of

By~ 2CHWH(W(Cx — AB)) + \GEMHT'MGY =0 (A.2)

where T is a diagonal matrix with ¢, = \/ (MGx)Z(MGX)k, +  as its diagonal entries. The
value of ;1 was set to 10715 experimentally. A non-linear conjugate gradient solver (CGS) was

employed to iteratively solve the equation A.2.
A.2 Computational Complexity Calculations

The terms in equation (A.2) are calculated in every iteration of the CGS. Hence, in order to
estimate the complexity of the CGS, the complexity for computing each term in the equation (A.2)
was first estimated.

The size of the MR image is assumed to be NV for the calculations. The dipole kernel convolu-
tion operator in equation (A.2) can be expanded as C' = F~'DF, where F and F'~! are Fast Fourier
and its inverse operator respectively and D is the dipole kernel operator in k-space. The FFT and

IFFT operations are of the complexity O(/N log V) and element wise multiplication with dipole
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kernel D is of the complexity O(N). So the complexity for calculating the dipole kernel convo-
lution operations C' and C'¥ is O(Nlog N) + O(Nlog N) + O(N) = O(Nlog N). The weight
operator W operates as element wise multiplication, so its complexity is O(/N). Hence the com-
plexity for calculating the first term is O(N log N)+O(N)+O(N)+O(Nlog N) = O(N log N).

The gradient operation GG only involves a circular shift and an arithmetic subtraction, and hence
its operation complexity is O(1). The mask M operates with complexity order O(N) as it operates
as element-wise multiplication. Thus, the complexity for calculating MGy is O(N) + O(1) =
O(N). Also, element-wise square root is an O(/N) operation. Hence the complexity for computing
Tis O(N)+O(N)+ O(N) = O(N).

Hence computational complexity of second term of (A.2) is O(N) + O(N) + O(N) = O(N).
The total complexity for calculating the terms in (A.2) is O(N) + O(N log N) = O(N log N).

That assuming p to be the number of operator calls made to calculate terms in equation (A.2),

the total complexity order for computing PCI using QSM is O(pN log N).
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