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Abstract— MRI has been used for imaging interventional
procedures with devices such as brachytherapy seeds, biopsy
needles, markers, and stents. However, the high susceptibility
of these devices leads to signal loss and distortion in the MRI
images. Previously, we proposed a method to generate positive
contrast of the brachytherapy seeds using a regularized L,
minimization algorithm. In this paper, we further developed
and tested the method to image larger interventional devices
based on susceptibility mapping. Computer simulations and
experiments were performed using phantoms made of platinum
wires and titanium needles. The results show that the proposed
method provide positive contrast images of devices, therefore
improves the visualization and localization of the devices.

[. INTRODUCTION

Certain interventional procedures, such as brachytherapy,
biopsy and angioplasty, can be monitored using MRI if the
devices used are MRI compatible. However, the objects,
such as needles, markers, stents, and brachytherapy seeds,
usually have high magnetic susceptibility. The high-
susceptibility objects will affect their surrounding area and
introduce fast dephasing thus decrease the signal-to-noise
ratio (SNR). The low magnitude can spread out to an area of
several times larger than the devices itself creating dark
spots in the MR images [1, 2]. This artifact hinders the
accuracy of the localization of the devices, and prevents
MRI from being widely used in these procedures.

To accurately locate the brachytherapy seeds, our group
has previously proposed a method based on susceptibility
mapping to provide the positive contrast seed images [3]. In
the method, susceptibility is calculated by deconvoluting the
magnetic field map with a dipole kernel. In this application,
the devices are small (on the order of voxel size). However,
with biopsy or angioplasty, the biopsy needles or stents have
a much larger physical size and more severe signal loss.
Susceptibility mapping of these devices has not been
demonstrated due to the signal void or low SNR at or near
the device locations.

Common methods to localize and provide positive-
contrast of these devices includes shifting the surrounding
data to the location of the devices [4], mapping the
susceptibility gradient by selectively turn the negative
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contrast into a positive contrast using a filter or short-term
Fourier transform [5, 6]. However, these methods depend on
pre-knowledge of the susceptibility of the devices and
provide limited resolution.

In this paper, we extend our previous method to image
other highly susceptible objects, creating positive contrast
images for localization of these devices. To test the proposed
method, a gelatin phantom with a piece of platinum wire
(susceptibility ~279ppm) and a water phantom with a
titanium (susceptibility ~182ppm) biomarker needle are
imaged and the corresponding positive contrast images are
generated [7]. Results show that the proposed method can
provide much improved visualization of devices in positive
contrast and help to achieve better devices localization.

II. THEORY AND METHOD

The magnetic field due to a susceptible object can be
characterize as a linear sum of the fields from it finite
elements. Therefore, the local magnetic field AB(r) can be
modeled as the convolution of the spatial susceptibility
distribution of the object(s) y(r) and a dipole kernel [8].

AB(r) =x(r)®x(r) (1)
where K(r) is the dipole kernel [9, 10]. AB(r) can be

measured using the phase image. In principle, the
susceptibility distribution can be obtained by kernel
deconvolution. However, the problem is ill-conditioned and
thus a regularization is needed.

A.  Susceptibility
minimization

mapping  using  regularized L,

L, regularization is imposed to calculate the
susceptibility map y [9, 11, 12].

min /(. 2)=[Woeg-aB)f +A[MGyl| @
X

where A is a Lagrangian parameter, W is a weighting
matrix, M is a masking matrix, and G is a first-order
gradient operator. The introduction of W is to reduce the
weights of the unreliable data at the immediate vicinity of
the susceptible objects. W is achieved by normalizing the
magnitude image. The introduction of M is to avoid over-
smoothing of the small structure of the susceptible objects.
M is achieved by thresholding the magnitude image. M
eliminates the interventional devices and its immediate
vicinity. However, M does not need to match the location
of the highly susceptible objects. Some noisy area may also
be masked out by M, which will not affect the result of
calculation.
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Minimizing the first term can get the result loyal to the
acquired data, whereas minimizing the second term can
promote the sparsity and denoising. A is used to balance the
two terms.

Eq. 2 is similar to the equations in [10, 13, 14], however,
the rational and definition of M is different. [10] assumes
that the edge of the susceptibility objects and the edge of the
magnitude images appear at the same location, which is not
true in the application with high susceptible objects.

The solution to Eq. 2 is achieved by finding the zero
point of its first-order derivative.

g—f;c = 2k"W" (W(ky - AB))+ AV|MGy[ =0 (3)

where “is the conjugate transpose of the operator/matrix.

B.  Measuring ABmap using a spin-echo sequence with a
shifted 180° pulse

Unlike other susceptibility mapping method, the
proposed method uses a spin-echo sequence instead of a
gradient echo sequence. A well-known feature of the spin-
echo sequence is that it can refocus the dephasing due to the
field inhomogeneity (introduced by B, inhomogeneity and
susceptibility) using a 180° pulse. Therefore, it is not
suitable for susceptibility mapping method. However, we
propose to use spin-echo sequence with a shifted 180° pulse,

as shown in Fig. 1, where 7, is defined as positive when

the 180° pulse shifted towards the acquisition [15, 16]. This
pulse sequence maintains the dephasing due to the field
inhomogeneity and provides high SNR. Moreover, the
amount of dephasing due to the susceptible objects is
equivalent to that from an ultra-short gradient-echo sequence

with TE=-2T, .

requirement on the gradient of the MR system. Therefore,
the spin-echo sequence with a shifted 180° pulse is well
suited and easy to achieve for the application of highly
susceptible objects, because the rapid dephasing requires
short TE to avoid phase wrapping.

whereas the latter imposes a high

C.  Data simulations and experimental acquisitions

Two highly susceptible objects were imaged using a 4.7T
Varian 33cm scanner. In the first experiment, a platinum
wire was placed in a gelatin phantom. A spin-echo sequence
with a shifted 180° RF pulse was applied. The matrix size
was 128x128x9. The FOV was 70x70mm’. The slice
thickness was 1.5mm without slice gap. The TR was 2s, and
the TE was 30ms. Six sets of images were acquired, with

180° RF pulse being shifted by 7., =[0, 0.1, 0.2, 0.3, 0.4,

0.5]ms respectively. The scan time for each set of date is
4min 16s. Phase unwrapping was applied on the phase
images. Two selected sets of data were used to calculate the

—A
field map, according to AB = _ e
2yBAT,

shift

, where A is the

phase change after phase unwrapping, and y is the
gyromagnetic ratio.
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Fig.1 The diagram of the spin-echo sequence with a shifted 180°
pulse.

Fig.2 (a) Photo of the platinum wires in a gelatin phantom; (b)

MR magnitude image; (c) phase image with T, = Oms, (d)

hift

phase image with T, = = 0.2ms; (e) calculated field map; and (f)

hift
susceptibility image from the proposed method. The edges of
the images are cropped for better visualization.

A computer simulation was conducted to mimic the
experimental setup and explore the accuracy of the
susceptibility calculation. A high resolution images with
6lum x 6lum x 0.17mm resolution and 1152x1152x81
image size were created. Independent Gaussian noise was
added to the real part and imaginary part of the data
separately. Then the data was summated and averaged to
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128x128x9 to simulate the spin-spin interaction. The other
parameters were chosen so that they were consistent with the
experimental data. The shape of the titanium wire was
simplified as a circle.

In the second experiment, a biomarker needle was
inserted in to a water phantom, which was doped with 1g/L
copper sulfate. The acquisition parameters were the same as
the first experiment.

This deconvolution reconstruction procedure was
performed offline using Matlab (Math Works, Natick, MA)
and a house-made nonlinear conjugate gradient method. The
computer has 2.5GHz Intel Core i5, 4GB 1600 MHz DDR3
memory and OS X system. Multiple regularization
parameters were tested and visually compared to choose the
best results.

F

III. RESULTS

Vi

Fig.3 The results from the computer simulation. (a) Magnitude

image; (b) Phase image when Tsmﬁ = 0.2ms; (c) the ideal field map

without noise, with +/-10ppm contour labeled; and (d) the
susceptibility map calculated using the proposed method.

Fig. 2 shows the results from the first phantom
experiment. Fig. 2(a) shows the gelatin phantom with the
platinum wires (more gelatins were later filled on top of the
platinum wire). Fig. 2(b) shows a representative magnitude
image in the center slice using the spin-echo sequence with a
shifted 180° pulse. Because of the high susceptibility of the
platinum, the magnitude image shows dark area up to 2.2mm
in ring width, comparing with the diameter of the wire of
0.3mm. Fig. 2(c) and (d) shows the corresponding phase

images when T, = Oms and 0.2ms. When T, = Oms, the

shift
phase should be uniform across the phantom. However, the
field variation induced by the high susceptibility will affect
the excitation pattern. To calculate the field map, different

ATshif

t

map, as shown in Fig. 2(e). And Fig. 2(f) shows the

are tested. AT i = 0.Ims can provide correct field

susceptibility map calculated using the proposed method.
Comparing to Fig. 2(b), the platinum wire shows in positive
contrast in Fig. 2(f), making it much easier to see and
localize.

Fig. 3 shows the results of the computer simulation. Fig.
3(a) and (b) show the magnitude and phase image (T,

hift
0.2ms) of the center slice in the simulation. They correspond
well to Fig. 2(b) and (d). Fig. 3(c) shows the field map and
the +/-10ppm contour of the field map. Fig. 3(d) shows the
susceptibility map calculated using the proposed method.
The proposed method produced a highly localized, clear
representation of the position of the susceptible objects.

Fig.4 (a) Photo of the biomarker needle in water phantom; (b)
= 0.1ms; (d) field

magnitude image; (c) phase image with T,

map calculated from the phase images; and (e) susceptibility map
from the proposed method. The edges of the images are cropped
for better visualization.

The results from the second phantom experiment are
shown in Fig. 4. Fig. 4(a) shows a picture of the water
phantom for the second experiment. The needle is made of
titanium and the size of the needle is 14G (~2mm in
diameter). The water is doped with copper sulfate to make
the T, and T, of the water close to the human muscles. Fig.

4(b) and (c) shows the magnitude and phase (T,,,, = 0.1ms)

of the spin-echo sequence with a shifted 180° pulse,
respectively. The presence of the needle introduces great
distortion to both the magnitude and phase image. Fig. 4(d)
shows the field map calculated from the phase images. And
Fig. 4(e) shows the susceptibility map calculated using the
proposed method. As shown, the susceptibility map
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calculated using the proposed method reduces the image
artifacts and shows the location in positive contrast.

IV. DIscussION

The simulated and experimental results have clearly
shown that the high susceptibility will introduce severe
image distortion to the images. Therefore, for some
procedures that require accurate location of the susceptible
objects, such as brachytherapy, marker insertion and biopsy,
the visual assistance provided by conventional MRI is
limited. The proposed method can be used to reduce the
location error in these procedures with MRI imaging.

The 180° pulse can recover the phase induced by the
field inhomogeneity after the spins are tipped down to x-y
plane. However, the strong field variation induced by the
high susceptible devices is in the same order of that induced
by the selection gradients. Therefore, there still is a little

phase variation across the phantom for 7, =O0ms , as
shift

shown in the result. To overcome this, a 3D spin-echo
sequence should be applied. However, the 3D spin-echo
sequence takes much longer time and thus not practical for
clinical applications.

The scan time for each acquisition is about 4.5 min. In

principle, only 2 acquisitions with two T i

do the calculation. That adds up to 9min. However, this only
covers 9 slices that is 13.5mm for 1.5mm thickness. In
clinical application, the acquisition time could be about 20
min ~ 30min for 50mm volume. During this time, the motion
of the organ could result in inaccurate susceptibility map. A
more time-efficient pulse sequence should be designed.

are required to

To correctly calculate the field map, the phase difference

between the two consecutive T, , cannot exceed 2m.

Otherwise the phase unwrapping cannot correctly recover

the phase change. This imposes a requirement on the AT, i

selection. The rapid phase wrap due to the high susceptibility
will introduce error. Though no accurate phase of the pixel
on and at the immediate vicinity of the highly susceptible
objects is required for the calculation of the location. The

study of T, selection will be one of our future researches.

V. CONCLUSION

In this paper, we presented a new method to image large,
highly susceptible interventional devices by mapping their
susceptibility using a regularized L, minimization. The
feasibility of the proposed method was demonstrated using
phantom experiments and simulations. To our best
knowledge, this is the first time such mappings are done on
large interventional devices. The potential of the method for
providing positive-contrast device images instead of the
conventional “black” or negative-contrast device images is
very promising for interventional MRI. Recommended shift
values in a spin-echo sequence were identified. Improved
visualization and localization were achieved using the
proposed method. The proposed method can help increase
the accuracy of the interventional procedures.
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