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Susceptibility-based magnetic resonance imaging (MRI) method can image small MR-compatible devices with
positive contrast. However, the relatively long data acquisition time required by the method hinders its practical
applications. This study presents a parallel compressive sensing technique with a modified fast spin echo to
accelerate data acquisition for the susceptibility-based positive contrast MRI. The method integrates the gen-
eralized autocalibrating partially parallel acquisitions and the compressive sensing techniques in the re-

construction algorithm. MR imaging data acquired from several phantoms containing interventional devices
such as biopsy needles, stent, and brachytherapy seeds, used for validating the proposed technique. The results
show that it can speed up data acquisition by a factor of about five while preserving the quality of the positive

contrast images.

1. Introduction

Success in image-guided therapy relies on accurate localization of
both the treatment targets and interventional devices [1,2]; imaging
plays a significant role in this aim. Although magnetic resonance ima-
ging (MRI) is a prime imaging method in both diagnosis and target
definition [3-5], its application in guiding the interventional procedure
or localizing devices is very limited. This limitation is largely attribu-
table to signal loss due to the high susceptibility of the devices and,
consequently, to the appearance of black voids in the immediate vici-
nity of the interventional devices [6-8]. In MR images, these black
voids prevent the devices from being differentiated from other dark
features of the tissues, such as arteries or natural cavities [9-11]. A
susceptibility-based MRI method is available that can visualize small
MR compatible devices and can reduce the signal loss using a fast spin-
echo sequence [12-15]; however, data acquisition with this method
still takes about 10 (or more) minutes, which hinders its clinical ap-
plication.

Many methods have been developed to accelerate data acquisition
in clinical MRI. Two important ones are parallel magnetic resonance
imaging (pMRI) [16] and compressive sensing (CS) [17-21]. The pMRI
technique can shorten the scan time by taking advantage of the com-
plementary channel sensitivities of the multiple receivers to reduce the
amount of data needed to reconstruct an image. Different methods of
PMRI have been proposed to reconstruct the image with undersampled
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k-space data to reduce the artifacts and noise [22-25]; however, the
undersampling factor in pMRI is limited. CS can also reduce the amount
of data needed for MRI reconstruction if the sparsity (compressibility
under certain transformations) and the encoding incoherency are sa-
tisfied [19]. CS reconstructs the image from the undersampled k-space
data using the £; minimization technique [19]. The combination of
PMRI and CS has also been introduced in MRI applications, which
significantly improved the quality of the image as compared to pMRI
and CS alone [26-31].

In the present study, we propose to integrate the generalized auto-
calibrating partially parallel acquisitions (GRAPPA) technique
[23,32,33] and the CS modality to accelerate data acquisition for po-
sitive contrast MRI of interventional devices. The method reconstructs
images from the undersampled k-space data and preserves the phase
information for susceptibility mapping. In the phantom studies, up to
five acceleration factors were feasible. When used with the fast spin-
echo sequence method, the proposed method can achieve an order of
magnitude speed-up comparable to the other spin-echo sequence ac-
quisitions. This makes it more suitable for clinical applications to lo-
calize small metallic devices. A preliminary version of this study has
been reported in [34,35].
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(d) ACS added (e) GRAPPA reconstructed k-space

Fig. 1. The procedure of undersampling the k-space data with a reduction factor of eight in the proposed method. The data are randomly sampled (for CS) on a
uniformly undersampled k-space (for GRAPPA). Random variable density sampling is used for CS and full sampling is used for ACS lines. Then, CS will reconstruct the
randomly sampled data and the generated k-space will be the input for GRAPPA. Finally, by adding the ACS lines, GRAPPA will reconstruct the full k-space.

2. Materials and methods
2.1. Data acquisition and image reconstruction

The data acquisition scheme is shown in Fig. 1. To preserve the
phase in the reconstructed images, the data acquisition consists of two
parts of k-space: a) randomly undersampled outer part of the k-space,
shown in Fig. 1.a, and b) fully sampled auto-calibration signals (ACS)
shown in Fig. 1.b. In the regular random sampling, some lines in k-
space will be selected randomly, but as the ACS lines at the center of the
k-space have the highest energy and the most important contrast in-
formation, variable density random sampling has been applied to keep
the center denser. The data sampling pattern in part b is to provide the
ACS needed for GRAPPA reconstruction and consequently for the pro-
posed method. Fully sampled Central ACS lines also contribute to the
variable density random sampling data needed for CS reconstruction.

Data sampling in Fig. 1.a has a special pattern. The data are ran-
domly sampled at a specific undersampling factor (R¢s) on a fixed
uniform grid corresponding to a reduced field-of-view (FOV). The size
of the reduced FOV is determined by a GRAPPA reduction factor
(Rgrappa)- Therefore, the total k-space undersampling reduction factor
(R) is R=R¢s X Rgrappa. The actual reduction factor in data acquisition
will be determined by the total acquisition lines in (a)u(b) as compared
to the total k-space data sampled for the full FOV.

The random variable density undersampling scheme has several
advantages. It keeps the center lines of the k-space data which have the
highest energy and thus helps to minimize the artifacts in the re-
construction. Also, for CS reconstruction, random undersampling leads
to incoherency with respect to the sparsifying transform. It spreads the
artifacts over the FOV image and by £; norm minimization reduces or
even eliminates them. For GRAPPA reconstruction, the data acquisition
provides ACS as well as uniform undersampling data after the CS

reconstruction step.

The image reconstruction has two main steps: 1) CS reconstruction
of a reduced FOV image from each channel, and 2) GRAPPA re-
construction of a full FOV image from each channel. The two-step re-
construction takes advantage of the complementary redundancies in
image sparsity and coil sensitivity. More importantly, it preserves the
image phase in each step, which is critical for field mapping and sus-
ceptibility calculation. For step 1, data recovery (as shown in Fig. 1.c)
from each channel can be modeled as,

d; = SFI, = ¢], @

where d; is the randomly acquired k-space data in the uniform grid, [ is
the channel index, [; is each channel's image, and ¢ is the combination
of the Fourier transformation F and undersampling operator S. Based on
the CS theory each channel image can be reconstructed by [19],

minimize TV ()
I

subject to ¢l — dill, <€ 2)

TV is the total variation, which reflects the sum of the absolute
variations in the image. TV is defined as %, | D,Ij|, where D,[; represents
the horizontal and vertical finite differences of I; at pixel p in the whole
image [20,36,37]. The parameter ¢ is a small number determined by the
data noise level. An iterative algorithm can be used to solve Eq. (2).
Note the outcome I; is a reduced FOV image. After CS reconstruction, in
step 2, GRAPPA is used to reconstruct a full FOV complex image for
each channel. GRAPPA uses ACS lines and multiple block-wise inter-
polations to recover the missing lines. In step 2, the missing line
(k, — mAk,) offset from the normally acquired data in the coil j, will be
recovered [23] by,

L Np—1
Sj(ky — mAky) = 37 D7 n(j,b,,m)S;(k, — bRgAky)
I=1 b=0

3)
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where [ counts the coils, L is the total number of channels, b counts the
blocks, Nj is the total number of blocks (each block is defined as a single
acquired line and Rgg — 1 missing lines), n(j,b,l,m) represent the
weighting factor to produce sinusoidal spatial sensitivity profile with
the harmonies of order m, and Ak, = 2r/FOV is the minimum k-space
interval related to the reduced FOV [24]. When all the missing lines
have been recovered, a full FOV channel image (fl) can be simply re-
constructed by Fourier transform for each channel.

2.2. Positive contrast image reconstruction

The positive contrast image is reconstructed following the proce-
dure in [13]. Specifically, when all the channel images are re-
constructed, a combined magnitude image is produced by the sum of
squares (SOS) reconstruction. Then, a combined phase image is ex-
tracted from the weighted average of all the complex images of all the
channels.

L

1 N

7= [Z 71 ef%ff]/L
=1

4

Here we define QG’,W = 2T, f;, in which T; and Tf; are the image and
conjugate image acquired from the sequences with and without echo
shifts in the I* channel, respectively.

Then, the positive contrast images can be generated by the sus-
ceptibility mapping using the combined magnitude and phase images.
In a modified fast spin-echo sequence, the local field variation calcu-
lation differs from the conventional SE-based technique, in which two
images are acquired based on shifting the 180-degree refocusing pulse
of one of the sequences toward the 90-degree refocusing pulse in the
amount of Ty, equals to 0.6 ms. The local field variation can be gen-
erated based on the magnetic susceptibility of the inserted object. The
object inside the tissue generates an inhomogeneous local magnetic
field, whereby two different images will be generated by acquiring two
sets of data with different local magnetic fields. The local magnetic field
difference can be calculated by [12],

AB = B4/ (2yBo ATisy) 5)

where 64 is the combined phase differences calculated from Eq. (4), y
is the gyromagnetic ratio, By is the static magnetic field, and ATy is
the echo shift between two acquisitions. The susceptibility map can be
reconstructed based on the calculated local field by solving the ¢; norm
minimization problem [38-40]:

argmin, IW (Cy — AB)IB + 4 IIMGyll, 6)

where y is the susceptibility map, W is the weighting matrix derived
from the normalized magnitude image, C is the dipole kernel con-
volution operator, A is a regularization parameter, M is the mask that
identifies the area of low signal intensities and potential location of
devices, and G is the three-dimensional gradient operator to calculate
the susceptibility gradient. This procedure makes it possible to have
reliable reconstruction even at areas of low signal intensities and rapid
phase mapping [13]. Fig. 2 shows the proposed reconstruction proce-
dure.

2.3. Experiment and simulation

The experiments were performed on three different phantoms to
validate the proposed method. The dataset was acquired on a 3 Tesla
whole-body scanner (Siemens AG, Erlangen, Germany) using eight
channel coils and the modified fast spin-echo sequence. Two datasets
were obtained for each phantom, one with no echo shift and the other
with echo shift (Tg,= 0.6 ms). The turbo factor considered in the ac-
quisitions is 7.

The phantom for the first experiment was constructed by inserting a
biopsy needle into a bottle of water. The biopsy needle was made of

132
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titanium, was 160 mm long and 2 mm in diameter. The phantom was
constructed by filling a sealed plastic container with distilled water
doped with 1.0 gl ™! copper sulfate solution. The needle was positioned
parallel to the magnetic field. Forty-two axial slices were acquired. Scan
parameters were FOV = 80 mm X 80 mm X 80 mm, matrix size = 132
X 128 X 42, TR =2000ms, TE = 18ms, in-plane resolu-
tion = 0.625mm X 0.625mm, slice thickness = 1.5mm, slice
gap = 25%, bandwidth = 134 Hz/Pixel, Tgyz = 0.6ms (with echo
shift) and Oms (without echo shift). The total acquisition time was
4 min.

The second experiment was performed using a phantom containing
a tracheal stent (manufactured by Micro-Tech, Nanjing Co., Ltd). The
acquisition was done by inserting a stent in some gelatin phantom
doped with 1.0 g/1 copper sulfate solution. The stent was made of Ni—Ti
alloy with magnetic susceptibility, ¥niinot Of 245 ppm, 60 mm in length,
20 mm in diameter, and the wire had a diameter of 0.24 mm. The axis
of the stent was oriented perpendicular to the direction of the magnetic
field. Scan parameters were: FOV =95mmXx 95mm, voxel
size = 0.367 mm X 0.371 mm X 1.5 mm, matrix size = 259 X 256 X
17, TR =2000ms, TE = 18ms, in-plane resolution = 0.37 mm X
0.37 mm, slice thickness = 1.5 mm, no slice gap, bandwidth = 134 Hz/
Pixel, and Tz = 0.6 ms.

In the third experiment, data were acquired by inserting five
dummy brachytherapy seeds in porcine tissue with different spacing.
Each seed is a silver rod impregnated with iodine-125 enclosed in a
titanium capsule with hemispherical ends. A plastic stick, a bamboo
toothpick, and a small animal bone were also inserted in the tissue to
simulate a cavity, a capillary, and a human bone, respectively. The
placement of seeds was done such that their orientations are along the
By filed. Acquisition of image slices was done along the coronal plane,
while the seeds were oriented along the longitudinal direction. A
modified fast spin-echo sequence was used to acquire the data with scan
parameters as follows: FOV = 120mm x 120mm X 15mm, matrix
size = 192 x 192 x 10, TR = 2000 ms, TE = 18 ms, in-plane resolu-
tion = 0.625 mm X 0.625 mm, slice thickness = 1.5 mm, no slice gap,
and bandwidth = 134 Hz/Pixel. The total acquisition time was 3.9 min.
The undersampled data acquisitions in Fig. 1 were simulated by deci-
mating the fully sampled datasets. This allows comparison with the
conventional reconstruction techniques.

There is a trade-off between the error and the scan time in choosing
the number of ACS lines. The number of ACS lines assigned to the
center for sampling was tested and the best result chosen. In addition,
GRAPPA uses a defined number of blocks to select the neighbor lines of
any of the ACS lines to calculate the missing lines with the closest high-
energy signals and with the most significant information. Increasing the
number of blocks can fit each of the missing lines with more informa-
tion; however, increasing the number of blocks can increase the com-
putation time. In this case, the most efficient number of blocks is chosen
among all other tested results, which is two blocks in each calibrating
iteration. The same procedure was used to choose the optimal number
of columns. Three-dimensional views of the contrast images of the de-
vices were generated using the method of maximum intensity projec-
tion (MIP).

Quantitative evaluation of the intensity in the positive contrast
images was measured by the half-intensity region (HIR) technique [13].
HIR measures the number of pixels that have more intensities than the
background by at least,

1
5 (xmax - Xmin)

@)
where Ymay is the maximum and )y,yis the minimum intensity of the
positive contrast images. The mean and the standard deviation of all the
numbers of pixels above the threshold are calculated for HIR evalua-
tion. On the other hand, the image reconstruction error is calculated by
the artifact power (AP) technique based on the reference by,
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Fig. 2. Positive contrast image reconstruction with the proposed method. The images of the combined channels are used for field map calculation. The dimension is
reduced to three in this stage as the channels are combined. Ultimately, the positive contrast images are reconstructed for all of the slices. The difference between the
proposed method, CS-alone and GRAPPA-alone, is the reconstruction procedure of each of the slices. The Channel combination and other steps will remain virtually

unchanged.

[@N; N, Ny
AP = \“Zzil Zyi1 ZX=1 (Xxyz - X;;ﬁ )2
V N X Ny x Ny

(®

where )., is the positive image of the recovered data, x;yeé is the po-
sitive contrast image of the reference, N, is the total number of fre-
quency encoding lines, N, is the total number of phase encoding lines,
and N, is the total number of slices.

The other evaluation was done by measuring the signal-to-noise
ratio (SNR). The SNR was calculated by defining a region around the
needle in the SOS of the positive contrast images as a signal and a
defined region in the background as noise.

The simulation was done by a MATLAB R2016a software. All si-
mulations were performed on a workstation of Intel (R) Core (TM) i7,
4700HQ CPU, 64-bit processor, and 12 GB memory. In addition, the
PULSAR toolbox is used to simulate the GRAPPA reconstruction [41].

3. Results

The results for the first experiment are shown in Fig. 3. The first two
rows show the reconstructed MR magnitude and phase images, and the
next two rows show the corresponding, combined images. The large
black void surrounding the needle is due to the susceptibility artifact
and signal loss. The positive contrast images from susceptibility map-
ping, and the corresponding MIP renderings using all slices are shown
on the last two rows, respectively. The reconstruction used the full FOV
k-space data is used as the reference image. In addition, CS-alone and
GRAPPA-alone reconstructions are compared with the proposed
method with reduction factors of R = 2 X 4 and R = 4 x 2. The posi-
tive contrast image with 8-fold acceleration has shown that it is com-
parable to the reference image, and clearly shows the position of the
needle in the phantom. The results in Fig. 3 show that the proposed
method with R = 4 X 2 yields the highest quality in positive contrast
and MIP images. In addition, the intensity of the needle is closer to that
on the reference.

Quantitative comparison of the different methods in the first ex-
periment is shown in Table 1. It is clearly shown that the HIR of the
proposed method (with R = 4 x 2) is closer to the reference compared
with the other methods. This means that the proposed method has the
highest accuracy of the compared methods. Although the AP remains
approximately the same in all methods, the SNR and HIR of the pro-
posed method are generally superior to the others, although the pro-
posed method is slightly slower than CS. This means that the proposed
acceleration method can localize and visualize the interventional de-
vices, even when its scanning is five times faster than the reference with
fully sampled k-space data. Qualitative and quantitative Results with
different reduction factor combinations shows that they should be
carefully chosen to achieve optimal image quality.
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As shown in Fig. 3 and Table 1, the SNR in CS-alone reconstruction
is generally higher than that of the GRAPPA-alone reconstruction. The
GRAPPA-alone reconstructions, on the other hand, show higher re-
solution, less blurring, but more artifacts than the CS-alone re-
construction. The local phase of the proposed method is closer to that of
the reference, which demonstrates the superiority of the proposed
method. Although not all channel and slice images are shown in the
paper due to the space limit, this is observed in the individual slice
images and the combined images. The proposed method provides a
trade-off, when high acceleration factors are used, between the high
SNR of the CS reconstructions and high resolution in GRAPPA re-
constructions. A general observation, as expected, is that the reduction
factors for the CS and GRAPPA steps can be adjusted to make the final
reconstruction be closer to either the CS or the GRAPPA reconstruction.

The results for the second experiment are shown in Fig. 4. The
proposed method used on the stent data with reduction factor 8, shows
acceptable visualization of the mesh. The MIP shows that the stent is
localized, as is the reference. The magnitude images are slightly blurred
due to the CS reconstruction, making it difficult to accurately localize
the stent data. However, the susceptibility mapping method clearly
visualizes the stent data. The proposed method decreases the scan time
while showing the exact location of the stent data. The MIP views of the
stent implanted in the phantom show all the slices in their exact loca-
tion and also show the helical structure with the exact dimension, as
compared to the reference. In addition, it is clear that the positive
contrast image of the stent has the highest quality as compared to the
GRAPPA alone or CS alone.

The results for the third experiment are shown in Fig. 5. Five
dummy brachytherapy seeds were inserted in porcine tissue with dif-
ferent spacing, one time with random sampling and the other time the
full k-space was scanned for comparison. The MIP shows that the pro-
posed method has the highest seed intensity and highest SNR in com-
parison to the reference, rather than CS alone and GRAPPA alone and
the seeds are clearly shown. Therefore, the proposed method works
well with seed data as well.

4. Discussion

The proposed method was introduced to accelerate data acquisition
for positive contrast MRI to visualize and localize interventional devices
at an acceleration factor of up to 5. Although CS-GRAPPA has pre-
viously been shown in fMRI and other MRI applications, only the
magnitude images were used. In the proposed method, phase in-
formation is presented in the reconstruction and is used for suscept-
ibility mapping. The noise and artifact power were decreased as com-
pared to the GRAPPA or CS reconstructions alone.

The aim of this study was to reduce the scan time, which plays a
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Fig. 3. The first and third rows show the magnitude images of the first and the combined channels with different methods; second and fourth rows are the
corresponding phase images; fifth and the last row are the PCI and MIP views of the positive contrast images and all with R = 8 (R¢s X Rgrappa)- The phase image
will be as important as the magnitude image in PCI calculation and the proposed method has the best phase image. Therefore, the proposed method has the best PCI

compared to the other methods.

Table 1

Comparison of the proposed methods, HIR (mean *= SD), AP (Artifact power),
SNR, and the actual scan time (minutes) with the reference, CS, proposed
method with R = 4% 2, proposed method with R = 2x 4, and GRAPPA in a
phantom with an inserted biopsy needle. Here, R stands for the combined re-
duction factor (R¢sgrarpa) that the first number shows CS and the second
shows GRAPPA reduction factors.

Method of reconstruction HIR APx10~7 SNRx10* Scan time
Reference 2.02 = 1.38 - 1.63 4
Ccs 2.34 £ 0.92 1.22 5.74 0.51
Proposed method, R = 4x2 1.94 + 0.91 1.09 2.43 0.58
Proposed method, R = 2x4  1.80 + 1.14 0.63 1.19 0.74
GRAPPA 1.54 = 1.08 0.96 1.08 1.04
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significant role in MRI applications. The results show that the inter-
ventional devices could be clearly visualized in positive contrast images
by applying the proposed method; moreover, the image quality is
comparable to the reference, while the scan time is decreased by up to 5
times. However, a combination of the CS and GRAPPA can increase the
computation time, as compared to CS alone or to GRAPPA alone. This is
for the reason of containing both steps of CS and GRAPPA at the same
time. Increasing the iteration number in CS may increase the quality,
but also increases the computation time. To address this issue, future
work will investigate simplified non-iterative positive contrast re-
construction methods or parallel computing. Although CS uses an
iterative algorithm, the computation time is shorter than GRAPPA in
our studies. We believe that it is because GRAPPA uses a 4D kernel
including all channels and a large neighborhood in the 3D k-space. It is
possible to reduce this computation by using the channel reduction
method and smaller kernels [42].
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Fig. 4. Evaluation of the proposed method on stent data. The first row shows the magnitude images, the second row the SOS of the positive contrast images of all the
channels, third row contains the MIP generated from positive contrast images from all the slices; all the methods are with R = 8. In magnitude images, CS is showing
a smoother image compared to others, but it is blurry and the phase will not be as well as the proposed method. Second and third row show the proposed method can
visualize and localize the mesh with high intensity and closer to the reference.

In visualizing the interventional device, both the quality of the biologically relevant objects (such as bones or blood) have much lower
positive contrast images and the localization of the devices are im- susceptibility than interventional devices and usually will not create
portant. Other highly susceptible objects may also be shown in the false position problems [13]. In addition, positive contrast device
positive contrast images. However, early work has shown that images can be combined with magnitude MR images to show pathology

Magnitude Images

PCIs

MIPs

Reference CS Proposed Method GRAPPA

Fig. 5. Evaluation of the proposed method for brachytherapy seed data. First row: Magnitude images, Second row: positive contrast images, and third row: MIP
generated images. The other data used for evaluation are the seed data and all are undersampled with R = 8. Although in the first row CS is showing very smooth and
clear magnitude image with less artifact compared to other methods, the PCI in CS is very blurry and the proposed method has the best PCI compared to the other two
methods. Applying the proposed method on these data confirms that the proposed method can visualize and localize the seeds by preserving the exact locations of the
seeds with a higher intensity than those of the other two methods.
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and anatomical objects. Finally, the present study is limited to phantom
experiments and simulations; additional studies are needed to validate
the proposed method for clinical applications.

5. Conclusions

This study has proposed an accelerated positive contrast imaging
method with an integrated reconstruction technique for visualizing
interventional devices. Integrating CS and GRAPPA improved the image
quality and preserved the phase for the reconstruction of the positive
contrast images. This method can reduce the scan time in phantom
studies by a factor of five and still provides images to visualize and
localize the devices with high accuracy. As compared to reconstructions
based on the CS method alone and the GRAPPA method alone, in all the
experiments the proposed method provided improved visualization and
localization. Therefore, the proposed accelerated method has the po-
tential to reduce the scan time significantly in clinical applications of
positive-contrast MRI methods.
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