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Introduction

MR-compatible metallic implanted devices, such as the 
endovascular stent grafts, are commonly used for the 
treatment of arterial occlusive diseases (1). Computed 
tomography (CT) is currently the standard imaging 
modality to assess the stent restenosis and localize the 
metallic implanted devices (2). In addition, the improved 
computed tomography technique, such as synchrotron 

radiation computed tomography (3), allows for a more 
accurate assessment of the stent and size measurement of 
different aortic stent grafts. The dual energy computed 
tomography angiography (DECTA) which can obtain 
better image quality in peripheral arterial stenting when 
compared to conventional CTA (4). However, CT requires 
exposure to ionizing radiation and has limited soft tissue 
contrast (5-8). In recent years, several MR techniques have 
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been proposed for scanning the patients with implanted 
MR compatible stent because of their superior soft tissue 
contrast. MR angiography (MRA) and contrast-enhanced 
MRA techniques are respectively  proposed by some 
scholars to image MR compatible metallic stents (9-11) non-
invasively. The results show that intraluminal loss of signal 
and artifacts of most of the SFA (superficial femoral artery) 
stents do not markedly limit assessment of stent lumen 
by MRA at 1.5 and 3T. MRA can be considered a valid 
technique for the detection of relevant in-stent restenosis. 
Furthermore, the inversion recovery with on-resonant 
water suppression (IRON) with conventional T1-weighted 
(T1w) MRA is proposed for visualization of peripheral 
nitinol stents (12). IRON-MRA provides an improvement 
of the in-stent lumen visualization with an ‘open-close-
open’ design, which reveals a complete in-stent signal loss 
in T1W MRA. However, the fat-saturated T2-weighted 
imaging can limit assessment of in-stent pathology of the 
cobalt-chromium stents because of the metal artifact (13). 
Additionally, these conventional MR techniques neither 
accurately localize the position of the implanted devices 
nor assess the stent restenosis due to the susceptibility and 
radiofrequency (RF) shielding artifacts caused by the stent 
graft. Therefore, a reliable MR technique for visualizing the 
metallic devices and assessing the stent restenosis would be 
highly beneficial.

Two existing MR-positive contrast techniques have 
the potential for the visualization of superparamagnetic 
particles or metallic devices but have not yet been used for 
the stent restenosis assessment. One technique, gradient 
echo acquisition for superparamagnetic particles (GRASP), 
applies to a decreased rephasing gradient for slice selection. 
This technique compensates for the susceptibility gradients 
along the slice direction and is sensitive to magnetic field 
inhomogeneities (14,15). Another technique, susceptibility 
gradient mapping (SGM), uses the conventional gradient 
echo sequence for data acquisition and apples a short-term 
Fourier transform over a small window (16) to generate the 
positive contrast MR images.  Also, an improved version 
of SGM using the original resolution (SUMO) employs a 
truncated filter in k-space instead of the short-term Fourier 
transform to maintain the original image resolution (17). 
However, both SGM and SUMO are based on the phase 
of field perturbation which spreads out from the metallic 
devices. Thus, the positive contrast regions obtained by 
SGM and SUMO are extended which only highlight the 
surrounding area of the metallic devices (17-19). 

Recent studies demonstrate that a susceptibility-based 

positive contrast MR method exhibits excellent efficacy for 
visualizing MR compatible metal devices (i.e., biopsy needle 
and brachytherapy seeds) by taking advantage of their high 
magnetic susceptibility and the sparsity of the positive 
contrast MR images (20,21). However, the method was not 
evaluated for the visualization of stents and stent restenosis. 
Therefore, the purpose of this study was to prospectively 
evaluate whether the susceptibility-based method can be 
used to visualize the nitinol stents and assess the stent 
restenosis, as well as to compare it with the SUMO and 
GRASP methods.

Susceptibility-based positive contrast method

This method employs a modified 2D fast spin echo (FSE) 
sequence to accelerate data acquisition (21). The technique 
uses an equivalent short echo time (TE) by shifting the 
readout gradient by Tshift during MR data acquisition. 
Two datasets with and without readout shifts (Tshift in the 
range of 0.2–0.7 ms) are acquired for measuring the field 
induced by MR-compatible metallic devices. Thus, the 
extent of phase change induced by the local susceptibility 
difference between the metallic devices and the surrounding 
tissues is accumulated during Tshift. After data acquisition, 
a kernel deconvolution algorithm with a regularized ℓ1 
minimization is used to calculate the susceptibility mapping 
and acquire positive contrast images. As the stents have 
much higher susceptibility values than the surrounding 
tissues, the susceptibility-based technique can visualize 
the metallic devices in positive contrast. Furthermore, the 
technique may be used to assess the stent restenosis because 
the materials and the surrounding tissues have different 
susceptibilities and therefore manifest a different contrast in 
the susceptibility map.

SUMO

An object with a magnetic susceptibility that deviates from its 
surrounding creates a local inhomogeneous magnetic field. 
The local susceptibility gradient Gsusp can be considered as an 
additional gradient overlapped on the imaging gradients Gimg, 
which leads to an echo-shift in k-space for the signal that 
stems from the affected voxel (16). Gsusp  for a given voxel is 
proportional to the echo-shift mx,y,z in k-space:
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where τx,y,z represents the duration of the imaging gradient. 
A modified k-space filter can be applied in k-space to get 
the echo-shift mx,y,z, and the positive-contrast image is then 
generated by a map of the strength of the susceptibility-
gradient vector Gsusp (17). 

GRASP

GRASP is a technique that employs a modified 2D gradient 
echo sequence to obtain a positive contrast image (14). In a 
conventional gradient echo acquisition, the slice selection 
gradient dephases the spins after an excitation pulse. To 
rephase the excited spins, usually the full 100% rephasing 
gradient is used to compensate for the slice selection area. 
This is indicated by the magnetic moment of zero at the 
completion of the rephasing gradient pulse. If the amplitude 
of this rephasing gradient is decreased (for example, to 
50%), it creates a gradient imbalance effectively reducing 
the signal under normal circumstances. However, in 
locations where a negative local gradient caused by an MR-
compatible metallic device is present, the gradient balance 
is restored, and a bright signal can be seen. The signal is 
conserved in the region near the metallic devices because 
the induced dipole field compensates for the rephasing 
gradient. Therefore, a hyperintense signal is observed near 
the metallic devices against the dark background.

Methods

Data acquisition 

To evaluate whether the susceptibility-based method can be 
used to visualize the stent, three sets of experimental data 
were acquired by the modified FSE sequence on a 3T whole-
body MRI scanner (Siemens Tim Trio, Germany) with an 
eight-channel phased array coil. The experiments were 
carried out with a tracheal stent [Micro-Tech (Nanjing) Co., 
Ltd.] in which the direction of the stent was parallel to the 
axis of the cylindrical phantom doped with 1.0 g/L copper 
sulfate solution. The stent was made with 0.24 mm diameter 
Ni-Ti alloy wire (magnetic susceptibility χnitinol =245 ppm) and 
the size of the stent was length × diameter = 60 mm × 20 mm 
with a cylindrical shape.

The first experiment was designed to investigate the 
influence of stent orientation and spatial resolution on the 
susceptibility-based method. The phantom was positioned 
parallel to B0 and datasets were obtained with the main 
axis of the stent orientated at 0°, 30°, 60°, and 90° relative 

to the main magnetic field, B0. Scan parameters were:  
FOV = 128×128 mm2, matrix size = 192×192, TR =2,000 ms,  
TE = 18 ms, slice number = 20, in-plane resolution = 
0.67×0.67 mm2, slice thickness =1.5 mm, slice gap =0.0 mm,  
bandwidth =134 Hz/Pixel, and T shift =0.6 ms. Total 
acquisition time was 3.16 minutes. Subsequently, for spatial 
resolution, the stent orientation was fixed to 0° relative to 
B0 and MR data were acquired with a spatial resolution 
of 0.5×0.5, 0.7×0.7, and 1.0×1.0 mm2. The other scan 
parameters were: FOV =128×128 mm2, TR =2,000 ms, TE 
=18 ms, slice gap =0 mm, bandwidth =134 Hz/Pixel, and 
Tshift =0.6 ms. Both axial and coronal multi-slice data were 
acquired using the modified FSE sequence without partial 
Fourier or parallel imaging. In the study, a turbo factor 
of 7 was chosen to provide a tradeoff between the signal-
to-noise ratio (SNR) and imaging speed. In addition, the 
experiments with varying angles (0°, 30°, 60°, and 90°) 
between the stent’s long axis and the main magnetic field B0 
for the SUMO and GRASP protocols were also executed 
for the comparison. For the SUMO technique, a 3D GRE 
sequence was used to collect data. Imaging parameters 
included: TR =6.2 ms, TE =2.5 ms, FA =15°, slice thickness 
=1.5 mm, and bandwidth =500 Hz/Pixel. For the GRASP 
technique, a modified 2D GRE sequence was used to 
collect data and the scan parameters included: TR =11.5 ms,  
TE =5 ms, slice thickness =2 mm, bandwidth =130 Hz/Pixel,  
and the gradient rephasing was previously optimized 
as 50% of that used in the ordinary GRE sequence. All 
two methods had the same in-plane spatial resolution of 
0.67×0.67 mm2 and slice/partition number was 20.

The second experiment was carried out to demonstrate 
the ability of the susceptibility-based method to visualize 
the nitinol stents comparing to the two typical MR 
positive contrast methods, GRASP and SUMO. The stent 
orientation was fixed to 0° relative to B0. In the susceptibility-
based method, two data sets were obtained with and without 
Tshift of 0.6 ms using the modified 2D FSE sequence with 
the following scan parameters: TR =2,000 ms, TE = 
18 ms, slice thickness =1.5 mm with no gap, and bandwidth 
=134 Hz/Pixel. For the SUMO and GRASP technique, the 
scan parameters were the same as experiment one.

The third experiment was performed to demonstrate the 
feasibility of the susceptibility-based method in evaluating 
the stent restenosis. The same Ni-Ti stent was used to 
simulate the stent restenosis, i.e., no stenosis, external 
stenosis, and internal stenosis by using the approach 
introduced by Nordmeyer (22). Specifically, Figure 1A was 
the phantom of descending thoracic pig aorta, the stent was 



480 Shi et al. Susceptibility-based MR imaging of the nitinol stent

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2019;9(3):477-490qims.amegroups.com

implanted into a portion of excised descending thoracic pig 
aorta (length =100 mm and diameter =20–25 mm) which was 
used for simulating the stent without stenosis (Figure 1B),  
and the aorta model was housed in a methylcellulose-
filled plastic container (Figure 1C). The orientation of 
the stent was positioned parallel to B0. External stenosis 
was formed by wrapping a plastic tie around the stent 
implantation site (Figure 1D). So, the vessel phantom 
with external stenosis was formed after that the pig aorta 
was encased in the stenosis model D (Figure 1E). Internal 
stenosis was fashioned by suturing aortic vessel material 
into the inner surface of the stent (Figure 1F). So, the vessel 

phantom with internal stenosis was formed after that the 
pig aorta was encased in the stenosis model F (Figure 1G).  
After preparing the aorta model, it was attached to a 
peristaltic pump (WT600, Longer pump, Shandong, 
China) with a combination of rigid and silicone tubes 
(Figure 1H). The pulsatile flow was approximately 5 L/min.  
A 40:60 solution of 87% glycerol and water was used to 
mimic the MRI (T1 =850 ms, T2 =170 ms) and viscous 
properties of blood (23). Then the stent restenosis phantom 
was imaged with susceptibility-based, SUMO, and GRASP 
methods. All images were obtained with the same 3T MR 
scanner, and the stent was positioned parallel to B0 field. In 
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Figure 1 Experimental setup for the stent restenosis. (A) Phantom of descending thoracic pig aorta; (B) stent implanted into the descending 
thoracic pig aorta which was used to simulate the stent without stenosis; (C) the vessel phantom embedded in the methylcellulose-filled 
plastic container; (D) external stent stenosis (external stenosis) created by wrapping a plastic tie outside the stent; (E) the vessel phantom 
with external stenosis; (F) internal stent stenosis (internal stenosis) created by suturing aortic vessel material to the inner surface of the stent; 
(G) the vessel phantom with implanted internal stenosis; (H) the peristaltic pump (WT600, Longer pump, Shandong) used to drive the 
vessel phantoms.
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the susceptibility-based method, the same scan parameters 
were used as the second experiment. For the SUMO and 
GRASP techniques, image parameters were separately 
optimized. For the SUMO technique, a 3D GRE sequence 
was used to collect data. Scan parameters were: TR =19 ms,  
TE =2.5 ms, FA =15°, bandwidth =930 Hz/ Pixel, matrix 
size = 156×192×40, and in-plane spatial resolution 
=1.04×1.04×2.8 mm3. For the GRASP technique, a modified 
2D GRE sequence was used to collect data and the scan 
parameters included: TR =3,000 ms, TE =5 ms, matrix size 
=136×176×40, in-plane spatial resolution =0.9×0.9×4.0 mm3, 
BW =130 Hz/Pixel, the gradient rephasing was respectively 
optimized as 40%, 60%, and 30% (no stenosis, external 
stenosis, and internal stenosis) of that used in the ordinary 
GRE sequence. 

Image reconstruction and visualization

All data were processed offline, and the positive contrast 
images were reconstructed using the method in (20). The 
reconstructed positive-contrast images in the first two 
experiments were also overlaid onto the corresponding 
magnitude images for qualitative evaluation and comparison 
among the susceptibility-based method, SUMO, and 
GRASP. For quantitative analysis, the diameters of the stent 
were measured from the positive contrast images obtained 
by the three methods. For qualitative analysis of the third 
experiment, subjective assessment of the stent restenosis 

images was performed by two reviewers with several years 
of experience in cardiovascular imaging. The process of 
the experiment was conducted by the reviewers, who knew 
the true state of the stent. Finally, the imaging results 
were further analyzed, and post-processing techniques of 
the 3D MIP reconstructions for the stent restenosis (i.e., 
no stenosis, external stenosis, and internal stenosis) are 
conducted (Data from the third experiment).

Results

Figures 2-4 shows the positive contrast MR images of 
the stent with different orientations to B0 using the 
susceptibility-based imaging method, SUMO and GRASP. 
Figure 2B,H display the representative axial and coronal 
magnitude images obtained by conventional FSE sequence 
(i.e., the modified FSE sequence without echo shifted). It is 
difficult to identify the accurate localization of the stent on 
the magnitude images due to the susceptibility artifacts (blue 
arrow) and RF shielding artifacts (red arrows). However, 
the location of the stent is highlighted on the corresponding 
positive contrast imaging (Figure 2C,D,E,F,I,J,K,L) where 
the orientation of the stent is 0°, 30°, 60°, and 90° related 
to B0. As can be seen, the visualization of the stent is 
progressively worse with increasing decline angle of the B0 
field because of the mounting effects of the susceptibility 
artifacts and RF shielding artifacts. The best visualization 
is obtained at 0° as shown in Figure 2C,I. The results of 
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Figure 2 Positive contrast stent images from the proposed method. The stent was placed at different orientations relative to the main 
magnetic field (0°, 30°, 60°, and 90°). (A) The stent model; (C,D,E,F) the axial views; (G) the stent phantom; (I,J,K,L) the coronal views. 
Visualization of the stent is progressively worse at larger orientation angles because of the increasing effects of the susceptibility artifacts (blue 
arrow) and RF shielding artifacts (red arrows).
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Figure 3 Positive contrast stent images from the SUMO. The stent was placed at different orientations relative to the main magnetic field 
(0°, 30°, 60°, and 90°). (A,F) Magnitude images; (B,C,D,E) the axial views; (G,H,I,J) the coronal views. Similar to the susceptibility-based 
method, visualization of the stent is progressively worse at larger orientation angles because of the increasing effects of the susceptibility 
artifacts. SUMO, susceptibility gradient mapping using the original resolution.

Figure 4 Positive contrast stent images from the GRASP method. The stent was placed at different orientations relative to the main 
magnetic field (0°, 30°, 60°, and 90°). (A,B,C,D) The axial views; (E,F,G,H) the coronal views. GRASP, gradient echo acquisition for super-
paramagnetic particles.
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the SUMO and GRASP (Figures 3,4) demonstrate that 
they have the same positive imaging performance as the 
susceptibility-based method. The visualization of the stent is 
also progressively worse at larger orientation angles because 
of the increasing effects of the susceptibility artifacts.

Figure 5 shows the positive visualization of the stent-graft 
using susceptibility-based imaging method at an in-plane 

resolution of 0.5, 0.7, and 1.0 mm. At 0.5 mm resolution, 
the stent has a lower contrast (Figure 5A,D). In contrast, the 
stent becomes less visible at 1.0 mm resolution (Figure 5C,F).  
The best visualization of the stent is obtained at the 
resolution of 0.7 mm on both the axial and coronal images.

Figures 6,7 show the results of the second experiment. 
As shown, all three methods successfully realize the 
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Figure 5 Positive contrast stent images from the proposed method at different planar resolution. There is a tradeoff between SNR and partial 
volume effect. The best stent visualization is obtained at the resolution of 0.7 mm in both the axial and coronal images. SNR, signal-to-noise ratio.

E

B

F

C

D

A 1×1 mm20.7×0.7 mm20.5×0.5 mm2

Figure 6 Coronal views of the positive contrast images of the stent phantom using (A) the susceptibility-based method, (B) SUMO, and (C) 
GRASP which are overlaid to their corresponding magnitude images (D,E,F). Compared to SUMO (E) and GRASP (F), the susceptibility-
based method (D) allowed a more precise visualization of the stent location. SUMO, susceptibility gradient mapping using the original 
resolution; GRASP, gradient echo acquisition for super-paramagnetic particles.
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Figure 7 Axial views of positive contrast images of the stent phantom using (A) the susceptibility-based method, (B) SUMO, and (C) 
GRASP. The overlaid images also showed that the susceptibility-based method (D) provided better stent localization than SUMO (E) and 
GRASP (F). SUMO, susceptibility gradient mapping using the original resolution; GRASP, gradient echo acquisition for super-paramagnetic 
particles.
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positive contrast imaging of the nitinol stent. Compared 
to SUMO (Figures 6B,7B) and GRASP (Figures 6C,7C), 
the susceptibility-based method (Figures 6A,7A) show the 
stent itself rather than its highlighted surrounding area 
with high susceptibilities. The susceptibility-based method 
can correctly localize the stent (Figures 6D,7D) which is 
demonstrated by the results of the positive contrast images 
overlaid onto the magnitude images. Better visualization 
of the stent is realized by the susceptibility-based method 
than by SUMO and GRASP according to the 3D MIP 
reconstruction (Figure 8). 

According to the quantitative image analysis, the 
diameter of the stent measured by the susceptibility-based 
method is 20.2±0.8 mm, which is very close to the real 
one 20.0 mm (Table 1). However, the SUMO and GRASP 
methods highlight the surrounding area of the stent as two 
bright cycles in the corresponding positive contrast images. 
The average diameters, defined as (D1+D2)/2 in Figure 9, 
are both close to the real diameter (Table 1).

Representative images of the stent restenosis are shown 

in Figures 10-12. In all three images, the green arrows 
indicate the position of the vessel wall of the thoracic pig 
aorta, and the blue arrows indicate the position of the stent 
and the red arrows indicate restenosis. Figure 10 exhibits 
the vessel imaging with no stenosis. The stent is dark shown 
by the conventional FSE (Figure 10A) but highlighted 
by the susceptibility-based method (Figure 10B), SUMO  
(Figure 10C), and GRASP (Figure 10D). Figure 11 displays 
the vessel images of external stenosis. Figure 12 shows the 
vessel images of internal stenosis. The post-processing 
techniques of 3D MIP reconstruction for the stent 
restenosis (i.e., no stenosis, external stenosis, and internal 
stenosis) are showed in Figures 13-15. All three positive 
contrast techniques mentioned above can provide good 
visualization of the stent lumen (Figure 13). However, the 
susceptibility-based method and the GRASP method has 
superior performance in the diagnostic accuracy of the 
external stenosis than SUMO (Figure 14). Furthermore, 
the susceptibility-based method and SUMO can provide 
a better diagnostic accuracy of the internal stenosis than 
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the GRASP method (Figure 15). Therefore, the proposed 
susceptibility-based method provides an excellent 
delineation of the stent lumen and different stenosis. 

Discussion

It is well recognized that the presence of metallic stents can 
lead to severe RF shield and susceptibility artifacts limiting 
the utility of the conventional MR technique. In this study, 
we use a positive contrast MR technique, a susceptibility-
based method, to directly visualize the stent and evaluate 
the inner and outer stenosis. Phantom results demonstrate 
that the method has the capability to localize the stent and 
identify stenosis and is superior to the other two positive 
contrast techniques (i.e., GRASP and SUMO) as well as the 
conventional FSE sequence. 

Both stent orientation and voxel size can affect the 
visualization of the metallic device using the susceptibility-
based method. In general, cylindrically shaped objects, such 
as stents, show the smallest susceptibility when positioned 
along the direction of the main magnetic field B0 (24,25). 
Therefore, the nitinol wire frame is clearly depicted when it 
is placed parallel to B0. However, visualization of the stent 
is progressively worse at larger orientation angles due to 
the increasing effects of the susceptibility artifacts and RF 
shielding artifacts. Even so, good visualization of the stent 

Figure 8 MIP reconstructions from the positive contrast images obtained by (A) the susceptibility-based method, (B) SUMO, and 
(C) GRASP. The susceptibility-based method provided a clear visualization of the stent. MIP, maximum intensity projection; SUMO, 
susceptibility gradient mapping using the original resolution; GRASP, gradient echo acquisition for super-paramagnetic particles.

B CA

Table 1 Diameter of the stent measured on the positive contrast 
images obtained by the susceptibility-based method, SUMO, and 
GRASP

Imaging method
Inner diameter 

(D1) (mm)
Outer diameter 

(D2) (mm)
Average 

diameter (mm)

The susceptibility-
based method

– – 20.2±0.8

SUMO 15.6±1.1 26.4±1.4 21.0±1.3

GRASP 17.8±1.5 23.9±1.7 20.9±1.6

The diameter obtained by the susceptibility-based method 
was very close to the real one 20.0 mm. SUMO, susceptibility 
gradient mapping using the original resolution; GRASP, gradient 
echo acquisition for super-paramagnetic particles.

Figure 9 Illustration of the inner and outer diameters of the bright 
cycles on the stent which were obtained by GRASP and SUMO. 
The average diameter was obtained by (D1+D2)/2. GRASP, 
gradient echo acquisition for super-paramagnetic particles; SUMO, 
susceptibility gradient mapping using the original resolution.
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Figure 10 Representative images of the stent without stenosis obtained by (A) the conventional FSE, (B) the susceptibility-based method, (C) 
SUMO, and (D) GRASP. The green arrow points to the position of the vessel wall of the thoracic pig aorta, and the blue arrows point to the 
approximate position of the stent. SUMO, susceptibility gradient mapping using the original resolution; GRASP, gradient echo acquisition 
for super-paramagnetic particles.

can be obtained under the 60° orientation relative to the main 
magnetic field. In addition, preliminary results also show 
that the nitinol stent can be visualized with the proposed 
method at up to 1 mm in-plane resolution. The contrast of 

the stent becomes smaller at higher spatial resolution because 
of the decreased SNR (Figure 5A,D). This is because the 
susceptibility-based method relies on signals with sufficient 
SNR from the surrounding areas of the implant devices 
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A

Figure 11 Representative images of the stent with external stenosis obtained by (A) the conventional FSE, (B) the susceptibility-based 
method, (C) SUMO, and (D) GRASP. The green arrow points to the position of the vessel wall of the thoracic pig aorta, the red arrows 
point to the external stenosis, and the blue arrows point to the approximate position of the stent. SUMO, susceptibility gradient mapping 
using the original resolution; GRASP, gradient echo acquisition for super-paramagnetic particles.
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Figure 12 Representative images of the stent with internal stenosis obtained by (A) the conventional FSE, (B) the susceptibility-based 
method, (C) SUMO, and (D) GRASP. The green arrow points to the position of the vessel wall of the thoracic pig aorta, the blue arrows 
point to the position of the stent, and the red arrows indicate the internal stenosis. FSE, fast spin echo; SUMO, susceptibility gradient 
mapping using the original resolution; GRASP, gradient echo acquisition for super-paramagnetic particles.

Figure 13 MIP reconstructions of the stent without stenosis (A) the susceptibility-based method, (B) SUMO, and (C) GRASP. The 
susceptibility-based method and the SUMO can provide a clear visualization of the stent lumen. MIP, maximum intensity projection; 
SUMO, susceptibility gradient mapping using the original resolution; GRASP, gradient echo acquisition for super-paramagnetic particles.

to calculate the field map, which is critical for the accurate 
calculation of the susceptibility values. On the other hand, the 
stent becomes less visible when the lower spatial resolution 
is used because of the partial volume effect (20). Therefore, 
based upon our experience, the best visualization is obtained 
at the resolution of 0.7 mm on most stents.

Although the stent is well identified and visualized from 
the gel phantom in the second experiment, it is not well 
differentiated from the background in the third experiment. 
The reason is due to different phantoms were used in the 
second and the third experiments. In addition, a pump 

is used in the third experiment to simulate blood flow 
within the stent, which can influence the susceptibility 
quantification. Nevertheless, the phantom is used for 
evaluating the stent restenosis, which had been carefully 
designed according to previous work (22). Experiment 
results show that the stenosis is easily identified by the 
susceptibility-based method rather than the SUMO and 
GRASP. Furthermore, SUMO and GRASP imaged the 
surrounding area of the stent rather than its precise location 
(see Figure 7B,C,E,F).  In contrast, the susceptibility-based 
method can localize the real location of the stent compared 
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B CA

B CA

Figure 14 MIP reconstructions of the stent with external stenosis (A) the susceptibility-based method, (B) SUMO, and (C) GRASP. The 
susceptibility-based method and the GRASP can provide a clear visualization of the stent lumen. The red arrows indicate the external 
stenosis. MIP, maximum intensity projection; SUMO, susceptibility gradient mapping using the original resolution; GRASP, gradient echo 
acquisition for super-paramagnetic particles.

Figure 15 MIP reconstructions of the stent with internal stenosis (A) the susceptibility-based method, (B) SUMO, and (C) GRASP. The 
susceptibility-based method and the SUMO can provide a clear visualization of the stent lumen. The red arrows indicate the external 
stenosis. MIP, maximum intensity projection; SUMO, susceptibility gradient mapping using the original resolution; GRASP, gradient echo 
acquisition for super-paramagnetic particles.

to SUMO and GRASP methods (see Figure 7A,D). This 
comparison had been evaluated by using a gel phantom in 
the second experiment. Both good soft-tissue contrast and 
accurate stent localization could be achieved simultaneously 
by combining the conventional images with the positive 
contrast images obtained using the susceptibility-based 
imaging method. It is of note that the susceptibility-
based method has severe RF shield artifacts because of the 
extended data sampling time and the high RF excitation 
time. Nevertheless, the susceptibility-based method still 
shows superior performance for the visualization and 
localization of the implanted stent. 

There are several limitations to this study. First, the 

experiments are only performed with phantoms which may 
be very different from the in vivo study. Efforts to make the 
model as close to the in vivo situation as possible would help 
reduce this gap. Second, we do not perform exact physical 
measurements of the luminal diameters in the quantitative 
assessment of the stenosis because of the distortion of 
the material during extraction and postprocessing of the 
stents. Thus, the stent configuration cannot be preserved 
introducing some measurement bias. Third, various levels 
of stenosis and fractures are not tested which would be 
key areas of investigation for subsequent studies. Fourth, 
the stent is positioned parallel to the main field B0 in the 
experiment.  Since the direction of the stent is random  
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in vivo, this setting does not reflect the real situation. In the 
future, a targeted in vivo study that builds on the results of 
this work would be highly beneficial.  

Conclusions

The susceptibility-based method can be used to localize 
the position of the stent and to identify the stent restenosis 
when optimal stent orientation and resolution are used. 
The technique has the potential to become a non-invasive 
imaging tool for post-angioplasty and stent surgery 
evaluation.
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