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Abstract—MRI can provide high-resolution images to
assist  physicians during intraoperative and
post-operative phases of prostate brachytherapy.
However, the brachytherapy seeds usually show as dark
spots, i.e. negative contrast, on the MRI images. In this
paper, we propose a new method to generate positive
contrast seed images by mapping their susceptibility. The
method is based on an improved kernel deconvolution
algorithm using 1, regularization. Simulation results show
the positive contrast seeds can be identified and
differentiated using the proposed method.

[. INTRODUCTION

P rostate brachytherapy treats cancer by directly inserting
radioactive material into the tissue to provide highly
localized radiations to kill malignant cells [1-2]. Ultrasound
imaging is typically used to provide a means to monitor and
evaluate the intraoperative and post-operative phases of
prostate brachytherapy. Recently, MRI has been explored as
an alternative imaging modality that can provide physicians
with high-resolution, more accurate information in such
procedures.

In MRI, brachytherapy seeds normally show as dark spots
due to the lack of hydrogen protons in the principally metallic
seeds, which makes it difficult to differentiate the seeds from
the cavities/voids in the tissue or susceptibility artifacts in the
image, especially in low signal intensity areas. This hinders
the seed detection and quantification of radiation doses. Our
group has proposed to use off-resonance excitation to
generate positive MRI of brachytherapy seeds[2]. However,
spatial-spectrally selective off-resonance pulses are required
to achieve the positive contrast.

In this paper, we propose an alternative method to the
previous work in [2] for the positive contrast brachytherapy
seed MRI. The method is based on susceptibility mapping,
similar to the one used in quantitative susceptibility-weighted
imaging (SWI) [3]. Specifically, an improved kernel
deconvolution algorithm using 1; regularization is developed
to extract susceptibility map from a sequence of images
acquired at different echo time. Computer simulations are
used to test the proposed methods.
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II. THEORY AND METHOD

In MRI, the local magnetic field can be approximated as the
convolution of the susceptibility distribution with a kernel
which is the response of a dipole [4].
3cos’(6,) -1
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AB(r) = ® x(r) (1)

where AB(r) is the field inhomogeneity, y(r) is the spatial

susceptibility distribution, » is the distance between the
observer and origin, and 6. is the azimuthal angle [5].
Eq.(1) is a continuous-time relationship. However, only
limited number of data is sampled in MRI. Therefore, a
discretization is needed to calculate the field map.
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The Fourier transform of the dipole kernel is (%—%) [6],

AB(r) =

according to the convolution theorem, Eq.(2) can be

transformed to
2

?(x(r))-(%—i—;) — F(AB(r)) 3)

where k* =k} +k} +k’, k. = 27

*n,, where FOV, are

the field of view in each direction, and n. denotes the index

of the pixel in each direction respect to the center of the
sampling matrix. And - denotes the point-wise multiplication.
However, the Fourier transform of the kernel is 0 and

irreversible when k* =3k2. To choose k, .k and k_so as
to avoid 0 when discretized can avoid the ill-poseness, but

result in ill-condition [7-8]. To overcome this problem,
regularizations are required.

1. L1 regularization
Rewrite Eq. (2) as
v=Cy (4)
where y is the discretized susceptibility distribution, C is
the operator denotes the convolution with the kernel, and w is
the discretized field map. In practice, the field map can be
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obtained from the phase information embedded in a sequence
of T2-weighted images acquired at different echo time [8].

Since the number and size of the brachytherapy seeds are
small, the brachytherapy seed MRI images can be considered
sparse. Therefore, ; norm is appropriate for the regularization
and the susceptibility mapping is achieved by

mxin ||G)(||1 subject to ||M(CX —\|1)||2 <¢ 5)

where G denotes the first order gradient operator to enhance
smoothness, M is the masking matrix which eliminates the
background regions in the data, and ¢ is a small constant
which is determined based on the noise level.

The masking matrix M is designed to utilize only the useful
and reliable information around the seed. The seed itself is
mask out because it has no spins and the magnitude is very
low, therefore the phase information is not reliable. M can
be calculated by setting a threshold to the local phase variance
since the phase distribution in the background and seeds is
much random than that of the tissue regions.

Rewrite Eq.(5) into Lagrangian form. Since we don’t care
about the exact value of the objective value, we put the
Lagrangian multiplier A in front of the constraint instead of
the objective function, in according to many MRI related L1
minimization references [5, 8-9].

Within the mask region defined by M, the signal is much
stronger than the noise, therefore & would be a very small
number which is neglect for simplicity. After these steps, the
problem in Eq.(5) can be reformulated as

min [M(Cy — ), + 2G| ©)

where the first term controls the data consistency, and the
second term promotes the sparsity. Problem (6) can be solved
by setting the first order gradient respect to y to 0.

Vf (1) =2C"M" (M(Cx-w)+aV[Gy| =0 (D)

where ”is the Hermitian conjugate of the operator/matrix.
||G)(||1 is not differentiable at 0, so a small number is added to

make it differentiable [9]. The approximation of (7) is,
Vf (x) = 2C"M" (M(Cy —w))+ AG" WGy, ®)

where W is a diagonal matrix with the diagonal elements

w, = \/(Gx)z (Gy), + 4 where u is a very small number. In

this paper, u is set to 10"°. Parameters A affects the

reconstruction results. It is tuned by iteratively narrowed
down the range from 10" to 10'°. Visually comparison is
used to determine the reconstruction quality.

Eq. (8) can be solved using a nonlinear conjugate gradient
method [9]. The introduction of W makes the matrix to be
positive definite, so that the conjugate gradient method
converge within a finite number of iterations.

2. Data preparation

To test the proposed method, a set of susceptibility weighted
images was simulated. The image resolution was set to 1 mm
in all three dimensions. Eight slices of 128*128 images were

simulated. The size of the STM 1251 seeds (4.55mm long *
0.81mm diameter [10]) was used to simulate the seeds in axial
orientation, which occupy approximately 1 pixel in 5 slices
(3" to 7" slices). Three seeds were placed in the field of view
(FOV). The magnitude of background tissue is set to be 0.1,
the magnitude of the seed is set to be 0. The susceptibility of
the background tissue is set to be 0, and the susceptibility of
the seeds is set to be 0.7 ppm.

The field map is calculated using Eq. (2), and the phase is
calculated using ¢ = yB,TEAB, where TE is set to be 1ms.

Then Gaussian noise is added to the real and imaginary part of
the images separately with an effective the peak SNR of 100
(i.e. 20dB).

An experimental dataset is acquired using Varian 33cm with
two STM 1251 dummy seeds. Spin-echo sequence with
shifted 180 degree RF pulse, also known as Dixon method, is
applied. The matrix size is 128*128*7. The FOV is
80mm*80mm. The TE is 30ms. The 180 RF pulse is shifted
by 7, [0, 0.1, 0.2, 0.3, 0.4, 0.5]ms towards the acquisition

window. The phantom is made of gelatin, doped with copper
sulfate. Two STM 1251 dummy seeds are placed inside the
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This deconvolution reconstruction procedure was performed
offline using MATLAB (Math Works, Natick, MA). The
nonlinear conjugate gradient method is developed in house
based on SparseMRI [9]. The processor of the computer is
Intel® Core™ 2 Duo CPU T8300 @2.40GHz, the RAM is
2GB, and the system is Windows 7 Ultimate. Multiple
regularization parameters were tested and the best results are
selected by visual comparison.

phantom. The phase is calculated using AB =

III. RESULTS

Fig. 1 shows the field map in the simulated image. The
region around the seeds clearly shows the field
inhomogeneity due to the susceptibility. Fig. 2 shows the
phase map of the simulated susceptibility weighted image.
The scale of the image is adjusted so that the ringing artifact
can be visualized clearly. Due to the noise, the phase of the
three seeds and their surroundings is not exactly the same.

Field map x 107
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Fig.1 The field map of the simulated data set.
Fig. 3 shows the obtain susceptibility map from the noisy
MRI images using the proposed method. Clearly, the seeds
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show as positive contrast spots, reflecting a rather accurate
susceptibility mapping.

Fig. 4 shows the coronal view of the phase image and the
susceptibility map of one representative seed. The field
inhomogeneity around the seed in the upper image is removed
and the shape of the seed is clearly shown in the susceptibility
map.

Phase of SWI image

_

Fig.2 The phase of the simulated data set.

Susceptibility map

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

Fig.3 The susceptibility map obtained using the proposed method (axial
view).
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Fig.4 The phase image (up) and its susceptibility map (down) of a seed
using the proposed method (coronal view)
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Fig. 5 shows the magnitude and the phase image of the
experimental data in the center slice with different Tshift.
With Tshift = Oms, there is no obvious difference between the
seeds and the gelatin in the phase image. This is because the
spin echo sequence can avoid the phase caused by field
inhomogeneity. But when the 180 degree RF pulse is shifted,
the spins cannot be refocused and the phase due to field
inhomogeneity is shown in the phase, without affecting the
magnitude image much.

Fig. 6 shows the field map of the experimental data in the
center slice. A mask is applied to avoid the background noise.
An increase in field strength in the seeds and a decrease
around the seed is clear seen in the field map.

Fig. 7 shows the susceptibility calculated using the
proposed method. Compared with the field map, the
susceptibility shows better localization and good contrast in
the gelatin.

Magnitude of Tshift = Oms Magnitude of Tshift = 0.3ms

Phase image for Tshift = 0.3ms

Fig.5 The magnitude images (up) and corresponding phase images
(down) of the experimental data in the center slice (slice 4) with Tshift =
0 and 0.3ms.

Field map with mask in the center slice 1

-

Fig.6 The field map calculated using the experimental data in the center
slice (slice 4) with mask.




IV. DISCUSSION
The direct kernel deconvolution in the Fourier domain does
not work reliably because it depends on the choice of k-space
location. Ill-poseness or ill-condition arises when the Fourier
convolution kernel becomes zero, or is very small (close to 0).
Only when k. <<k and k,, the very small number can be
avoided, but this means the field of view (FOV) on z direction

should be significantly larger than FOV on x and y direction
which is infeasible in MRI scanner.

0.8

Fig.7 The susceptibility map calculated using the experimental data in the
center slice (slice 4).

In the experimental data, the background field is not
homogeneous. A gradual changing is observed in the images
and the calculated field map. In the susceptibility map, this
inhomogeneity is supposed to be removed by the algorithm,
however, the result still shows the gradual inhomogeneity.
But the field strength change due to the seeds is well removed,
and the result shows a clear localization of the seeds and a
good homogeneity of the susceptibility.

Susceptibility weighted imaging (SWI) can also be used to
locate the seeds. It has computational advantages. However,
QSM can provide better location of the seeds, moreover, it
can quantitatively measure the susceptibility.

The advantage of using positive contrast in prostate
brachytherapy is that it is easy to differentiate. With much
higher susceptibility, the seed shows much brighter in the
MRI images than any of the human tissues.

The methodology utilized in this paper has been proposed
in other applications such as quantitative SWI studies.
However, it is the first attempt for positive-contrast
brachytherapy seed MRI that we know of.

V. CONCLUSION

We developed a new method to generate positive contrast
MRI of brachytherapy seeds by mapping their susceptibility.
The method is based on an improved kernel deconvolution
algorithm using 1, regularization. This is the first attempt to
apply the similar technology to brachytherapy seed MRI.
Simulation results have shown that the positive contrast seeds
can be identified and differentiated using the proposed

method. Future work includes validation using tissue-mimic
phantom and small animal models.
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