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Investigating Signal Loss due to a Carotid
Artery Stent in 3D-TOF-MRA

Hiroshi Kato", Norio Ootani, Kentaro Abiru, and Mika Okahara

Purpose: In this study, we investigated the factors of signal loss out because of the presence of a stent and
optimized imaging parameters for improvement in depiction ability.

Methods: We investigated the relationship between the stent type and magnetic susceptibility effect by mea-
suring the signal value between the inside and outside of the stent with different Bw and TE for two different
kinds of stents respectively. Similarly, flip angles were changed for two different kinds of stents respectively
to the signal intensity between the inside and the outside of the stent was measured, in which examine the
relationship between the stent type and the Ernst angles in RF-shielding effect. The conventional imaging
parameters and the optimum imaging parameters for each stent obtained from the result of the phantom
experiment were examined. Optimized 3D time-of-flight MR angiography (3D-TOF-MRA) was performed
and compared with conventional 3D-TOF-MRA and computed tomography angiography (CTA).

Results: The influence of the magnetic susceptibility effect is small in the central part of Carotid Wallstent
and in PRECISE, and large in the Carotid Wallstent at the both ends. The influence of RF-shielding effect was
large at PRECISE, where the Ernst angle was greatly shifted while the effect is no longer influenced at Carotid
Wallstent. Both Carotid Wallstent and PRECISE made imaging capability improved by optimizing the
imaging parameters.

Conclusion: During clinical imaging of patients post-carotid artery stenting (CAS) using our protocol, the
ability to visualize blood vessels was improved. Thus, we demonstrated that the ability of 3D-TOF-MRA
post-CAS was improved via optimizing imaging parameters.

Keywords: carotid artery stenting, RF-shielding effect, 3D time-of-flight magnetic resonance angiography, magnetic

susceptibility effect

Introduction

Background

Carotid artery stenting (CAS) using a protection device to
prevent distal embolism has increased for cases with vulner-
able plaque. 3D time-of-flight MR angiography (3D-TOF-
MRA) is one of the tool to evaluate the patency of vessels,
which are stented. However, many reports showed that the
utilization of the stent resulted in a signal loss at the site of the
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stent upon evaluation with 3D-TOF-MRA.'* Although it was
understood that signal loss was caused by magnetic suscepti-
bility and radio frequency RF-shielding effect,>™ so far there
have been a few reports on examining details of factors of in
signal loss within the stent.

Purpose

The purpose of this study is to investigate the factors of
signal loss owing to the presence of a stent and to optimize
imaging parameters for improvement in depiction ability.

Materials and Methods

A 1.5T MRI imaging system (Optima MR450w, GE Health-
care, Barrington, IL, USA) was used in our study. The coil
was quadrature detection (QD) head coil for phantom experi-
ment, and Head Neck Unit for clinical examination.

This study is a fundamental experiment using a phantom
and an image evaluation by a clinical case.
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Phantom study (optimization of imaging

parameters setting)

Phantom preparation

The artifacts of two different stents were evaluated. These
stents (PRECISE [diameter: 10 mm] [Johnson & Johnson,
New Brunswick, NJ, USA] and Carotid Wallstent [diameter:
10 mm] [Boston Scientific, Natick, MA, USA]) were placed
in plastic boxes filled with a gelatin solution diluted with
0.5% gadolinium contrast medium mixture. The stents were
placed parallel to the z-axis of the MRI scanner; the scanning
plane was basically axial.

Magnetic susceptibility effect

In the examination of magnetic susceptibility effect,
measurements were performed with the stents aligned par-
allel to the z-axis and Band width (Bw) was changed from
+16.75 to £62.5 kHz/FOV to assess the influence of the
Bw on stent-induced artifact. Also, TE was varied from
2.7 to 8.0 ms to assess the influence of the TE on stent-
induced artifact. Carotid Wallstent measured the signal
intensity (SI) at both the center and the end because both
ends should have large artifacts. In-stent signal attenua-
tion was assessed by calculating the relative in-stent signal
(RIS) inside the stent. Artifact behavior of the stents was
analyzed by measuring the SNR at the stent positions and
compared with SNR measurements outside of the stents.
Quantitative assessments were performed using approxi-
mately 78.5 mm? (diameter: 10 mm) ROI drawing in ver-
tical to stents (Fig. 1).
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The RIS, indicated the severity of the artifact that
decreased the SI inside a stent, respectively, and were calculated
using Eq. (1)

SI

in-stent

I
RISstcnt = SIS—BG (1)

out-stent

Sl
where SI o Slousens a0d Sl indicate the SI inside the
stent, outside the stent, and that of the background area (con-
sisting of air) on the 3D-TOF-MRA images. The SI was
semi-automatically measured by means of the ImageJ.

RIS, is defined such that O represents total signal loss
and 1 represents no signal loss, where SI_, ., 1s the signal in
the area unaffected by the stents in the uniform phantom.

Fixed parameters in 3D-TOF-MRA were as follows:
FOV: 120 x 120 mm?, matrix: 256 x 256, TR: 25 ms, flip
angle (FA): 30°, slice thickness: 4.0 mm, slice number: 16,
number of excitations (NEX): 1, acquisition time: 1 min 46 s.

RF-shielding effect

Measurements were performed with the stents aligned par-
allel to the z-axis and only the FA was changed from 5 to 90°
with 5° steps to assess the influence of the FA on stent-
induced artifact. Quantitative assessments were performed
using approximately 78.5 mm? ROI drawing in each vertebra
from all image sets. The change in Ernst angle was evaluated
by measuring the SI. and SI the stent for each FA.

in-stent out-stent

A: PRECISE
B: Carotid Wallstent
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Fig. 1 Schematic of the phantom used
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ments of the luminal areas and the SI. SI,
signal intensities.
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Fixed parameters in 3D-TOF-MRA were as follows: FOV:
120 x 120 mm?, Matrix: 256 x 256, TR: 20 ms, TE: 2.7 ms,
Bw: £62.5 kHz/FOV, slice thickness: 4.0 mm, slice number:
16, NEX: 1, acquisition time: 1 min 26 s.

Clinical study

Patients

The Clinical Ethics Committee of our hospital approved this
study, and subjects were consented by participation. Subjects
were consecutive patients (Carotid Wallstent: 4 men (4 regions),
2 women (2 regions); aged 61-82 years; mean age 76.4 years,
PRECISE: 7 men (8 regions), 3 women (3 regions); aged 5880
years; mean age 69.9 years) underwent MRI of CAS for cases
with vulnerable plaque at our institution from January 2018 to
April 2019. In this clinical study, the ability to visualize in-stent
blood vessels was evaluated between images scanned under
conventional imaging parameters and those scanned under
optimal imaging parameters for each stent. Optimized imaging
parameters were determined from the results of the basic exper-
iment in PRECISE and Carotid Wallstent, respectively.

Image assessment
Using the most recent CTA image as the gold standard, one
radiologist and three radiographers scored the image quality
evaluation of the 3D-TOF-MRA of conventional and opti-
mized imaging parameters, respectively, and calculated the
average value of all evaluator data.

The following 3-point grading scales of visual evalua-
tion were performed using CTA as a gold standard.

3-point: The inside of the stent is visualized and can be
sufficiently diagnosed.
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2-point: The inside of the stent is visible but not suffi-
cient for diagnosis.

I-point: The inside of the stent is not visible due to
artifacts.

The difference of mean score between conventional
imaging parameters and optimized imaging parameters were
assessed with Wilcoxon signed-rank test, where P < 0.01 is
considered statistically significant.

Results

Phantom study

Figure 2 shows the signal intensity exhibited by the gel-
atin solution diluted with 0.5% gadolinium contrast medium
the phantom’s RIS when individually alters Bw and TE.
The experimental results of Bw show that the RIS at the
ends portion of the Carotid Wallstent was the lowest, fol-
lowed by PRECISE, and the center of the Carotid Wall-
stent was the highest. Also, RIS between the obtained
images was not affected by Bw. The experimental results
of TE showed that RIS, decreased as TE increased with
a particularly large reduction of about 57% at the ends
portion of the Carotid Wallstent. In the next experiment,
we used the same materials for the phantom as same as
used in the magnetic susceptibility experiment. Figure 3
shows the result of RF-shielding effect. The Ernst angle of
the Carotid Wallstent is 40°, the same as the outside of the
stent, whereas 75° in PRECISE. The magnetic suscepti-
bility effect is small at the center of PRECISE and the
Carotid Wallstent and greater at the end of the Carotid
Wallstent. The RF-shielding effect was large at PRECISE
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Fig. 2 The effects of the Bw and TE angle on the relative in-stent signal. (a) and (b) indicate the effects of Bw and TE. Bw, Band width.
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Fig. 3 The effects of the flip angle
on in- and out-stent signal. Dashed
lines indicate Ernst angle of each
stent.

Conventional

Optimized imaging Optimized imaging

Sequence parameters parameters of Wallstent parameters of PRECISE
TR (ms) 21 25 25

Flip angle (°) 20 25 45

TE (ms) 6.9 1.3 1.3

Matrix size 256 x 128 224 x 192 224 x 192

FOV (mm) 260 240 240

Slice thickness (mm) 2.0 1.6 1.6
Bandwidth of FOV (kHz) +63 +63 +63

Flow compensation On Off Off

Number of excitations 1 2 2

Number of slice 118 24-36 24-36

Number of slub 4 1 1

Acquisition time 4 min 48 s 3 min 25sto 4 min 26s 3 min25sto4 min26s
Parallel factor 2 1 1

where the Ernst angle was greatly shifted and almost not
at Carotid Wallstent.

Optimization of imaging parameters setting

of 3D-TOF-MRA

Table 1 shows the conventional and the optimized imaging
parameters. As a result of the phantom experiment, imaging
parameters needed to be optimized for each type of stent. The
imaging parameters for the Carotid Wallstent adopted a
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configurable minimum TE 1.3 ms because the magnetic sus-
ceptibility effect was so large that the TE needed to be short-
ened. In addition, it is necessary to use large Bw to reduce
TE, which results in deteriorating SNR. Therefore, we
extended TR and used FA of 25° to compensate SNR. The
imaging parameters for the PRECISE adopted a maximum of
45° that can be set when using ramped RF-pulses, because
the RF-shielding effect is very large and the FA needs to be
deepened.
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Clinical study

In the results of Carotid Wallstent, the score of conventional
imaging parameters was 1.96 + 0.04 and the score of opti-
mized imaging parameters was 2.63 £+ 0.24. The score of
optimized imaging parameters was about 34% higher than
conventional imaging parameters (Fig. 4a); in addition, the
difference of mean score was statistically significant using
Wilcoxon signed-rank test (P < 0.01). Optimized imaging
parameters could significantly reduce the magnetic suscepti-
bility artifacts in the proximal part of Carotid Wallstent.
However, the distal artifact did not completely improve in
all cases of the Carotid Wallstent (Fig. 5).

In the results of PRECISE, the score of conventional
parameters was 1.00 + 0 and the score of optimized
imaging parameters was 2.72 = 0.20. The score of opti-
mized imaging parameters was expressly higher than con-
ventional imaging parameter (Fig. 4b); in addition, the
difference of mean score was statistically significant using
Wilcoxon signed-rank test (P < 0.01). Optimized imaging
parameters could significantly reduce the RF-shielding
artifact of PRECISE (Fig. 6) improved in all cases of
PRECISE, but not enough in some cases. In the case where
multiple stents were used, the signal decreased due to the
increased shielding effect in the overlapping part, and the
signal decreased in the distal part because in-flow effect
could not be secured (Fig. 7a).

Also, in lesions with high residual stenosis due to severe
calcification, turbulence caused pseudo-stenosis distal to the
stenosis (Fig. 7b).
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Discussion

In the present study, we investigated the causes of artifacts
and their countermeasures on 3D TOF-MRA images of pos-
terior carotid stenting. Consequently, it was revealed that the
influence of the magnetic susceptibility effect, the RF-
shielding effect and the setting of the optimal imaging param-
eters varied depending on the type of carotid stent. Several
studies have investigated the relationship between imaging
parameters and stent-induced artifacts and the relationship
has been reported to be due to material and stent design.”
However, their imaging parameters were not deeply consid-
ered. Therefore, we believe that our results could help for
optimizing imaging parameters in clinical practice. As men-
tioned in the introduction, there are two kinds of artifacts
induced by a stent, one is the magnetic susceptibility artifact
and the other is the RF-shielding artifact. It is also reported
that wide Bw and short TE are effective in suppressing mag-
netic susceptibility artifacts,'” but this is the case of setting to
automatically minimize TE. In our study, according to a
phantom experiment in which Bw and TE were indepen-
dently changed, RIS, was reduced by shortening TE, but
there was no correlation with Bw. The magnetic suscepti-
bility effect has distortion and signal loss, and we consider
that the RIS, which we measured is the ratio of signal
intensity, so the distortion due to Bw change did not affect it.
In the clinical studies of Carotid Wallstent, signal loss was
caused by strong magnetic susceptibility artifacts at both
ends under conventional imaging parameters, but improved
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Fig. 4 Subjective analysis of visibility of 3D-TOF-MRA of post-carotid artery stenting. (a) Carotid Wallstent, (b) PRECISE. In (a) and (b), the
asterisks (*) mean “significant differences” using Wilcoxon signed-rank test. 3D-TOF-MRA, 3D time-of-flight MR angiography.
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Fig. 5 Post-carotid artery stenting (Wallstent 8 mm/21 mm) in an 80-years-old woman. (a) MIP of conventional imaging parameters.
(b) MIP of optimized imaging parameters. (c) Axial of conventional imaging parameters. (d) Axial of optimized imaging parameters.
(e) CPR of CTA. Poor improvement in distal artifact (b, arrow) compared with artifact (b, arrow head) in the proximal portion of the Wallstent.

CPR, curved planer reconstruction; CTA, computed tomography angiography; MIP, maximum intensity projection.

under optimized imaging parameters. However, the distal
portion remained partially lost. Although the magnetic sus-
ceptibility artifacts of cobalt alloy stents were reported to be
lower than that of most nitinol stents, they had a strong signal
loss in the both ends of Carotid Wallstent.!' We consider that
the signal loss at both ends of Carotid Wallstent is not due to
material. Because RIS in PRECISE (nitinol) was lower than
that in the Carotid Wallstent (cobalt-chromium alloy, tan-
talum) on the center of stents. For this reason, we paid atten-
tion to the design of both ends of the Carotid Wallstent. We
consider that the wires at both ends of the stent other than the
Carotid Wallstent are closed loop, and that eddy currents may
be generated because only the Carotid Wallstent is open loop
(Fig. 8). Also, the artifacts differ between the proximal and
distal parts. It is reported that the magnetic susceptibility arti-
facts depend on the magnetic susceptibility of the stent rela-
tive to the surrounding tissue, on the orientation of the stent
relative to the static magnetic field.!? It is speculated that this
light may be due to the direction of the static magnetic field
and the direction of application of the gradient magnetic
field. However, with CTA in Carotid Wallstent artifacts such
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as exaggerated thickening or blooming of the stent struts, are
well known resulting narrowing of the stents. Therefore,
MRA is not perfect but is useful for follow-up of Carotid
Wallstent. In the RF-shielding effect phantom experiment,
the RF-shielding effect was large in PRECISE, and the Ernst
angle differed 35° between the inside and outside of the stent.
Therefore, 55° which is actually 35° higher than the normal
state, is the optimal FA. However, we adopted FA 45° which
is 25° larger than the conventional imaging parameters. This
is because the limit of FA on this equipment is 45° when
using ramped RF-pulses to equalize proximal and distal vas-
cular signals. In this study, we revealed that the effect of the
magnetic susceptibility effect and the RF-shielding effect
and the setting of the optimal imaging parameters were dif-
ferent depending on the type of carotid stent. Earlier reports
show that the number of wires in braided stents and stent
design can affect the shielding effectiveness.'? Other reports
show that the shielding effects varied with stent materials,
geometry, and orientation.'> Experiments were performed by
using intracranial stents (Enterprise [Cordis, Miami, FL,
USA], LVIS Jr [Terumo, Tokyo, Japan], ATLAS [Stryker,

Magnetic Resonance in Medical Sciences




Signal Loss of Carotid Artery Stenting

level of level of

axial axial
plane (c) plane (d)

Fig. 6 Post-carotid artery stenting (PRECISE 7 mm/40 mm) in a 70-years-old woman. (a) MIP of conventional imaging parameters.
(b) MIP of optimized imaging parameters. (c) Axial of conventional imaging parameters. (d) Axial of optimized imaging parameters.
(e) CPR of CTA. CPR, curved planer reconstruction; CTA, computed tomography angiography; MIP, maximum intensity projection.

a-1 a-2 b-1 b-2

Fig. 7 (a) Post-CAS (PRECISE 8 mm/40 mm, PRECISE 10 mm/30 mm) in a 59-years-old man. (a-1) MIP of optimized imaging parameters. (a-2)
CPR of CTA. (b) Post-CAS (PRECISE) in a 63-years-old man. (b-1) MIP of optimized imaging parameters. (b-2) CPR of CTA. In lesions with high
residual stenosis, turbulence caused pseudo-stenosis distal to the stenosis (b-1, arrow head). The signal was reduced with an increased shield-
ing effect in the overlapping part (a-1, arrow head). The signal was reduced with a decrease in-flow effect of the distal part (a-1, arrow). CAS,
carotid artery stenting; CPR, curved planer reconstruction; CTA, computed tomography angiography; MIP, maximum intensity projection.
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Kalamazoo, MI, USA]) for the purpose of investigation of
the relationship between RF-shielding effect and material
and design. An experiment of RF-shielding effect using
intracranial stents showed that the RF-shielding effect of
Enterprise was the largest, ATLAS was moderate, and LVIS
Jr was very small. According to the results of the material,
cell type, and RF-shielding effect of the two types of carotid
stents and three types of intracranial stents, there was no cor-
relation between the RF-shielding effect and material, and
cell type. We consider that the factor may be due to the quan-
tity of metallic material per unit area and stent design, but we
have not reached a conclusion. In the past, the evaluation of
the stent site post-CAS has mainly been reported using con-
trast agents such as CTA. However, by optimizing imaging
parameters of 3D-TOF-MRA this time, imaging became pos-
sible without using a contrast agent.!>!® Our study was per-
formed in vitro with a static phantom design and in vivo with
a clinical case. As mentioned in the introduction, there are
two kinds of artifacts induced by a stent, one is the magnetic
susceptibility artifact and the other is the RF-shielding arti-
fact. The former can be improved by using a short TE, and
the latter can be decreased by using high FA.'?! Our results
will be helpful in determining the parameters for 3D-TOF-
MRA because our study clarifies the effect of the devices on
image quality. Although we have investigated only two kinds
of stents in this work, we expect that true cause of signal drop
would be revealed through investigation of many kinds of
stents in the future.
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Fig. 8 Photographs of stents. (a) Carotid
Wallstent. (b) PRECISE. The wires at
both ends of the Carotid Wallstent is
open loop (arrow) and the PRECISE is
closed loop (arrow head).

Conclusion

By analyzing the 3D-TOF-MRA artifacts caused by a repre-
sentative two types of stents, we could identify the major role
of the magnetic susceptibility effect and RF-shielding effect.
Furthermore, the minimizing the TE of 3D TOF-MRA was
reduced magnetic susceptibility artifacts are reduced in
Carotid Wallstent, and the optimization of the FA may reduce
RF-shielding artifacts in PRECISE, rendering feasible the
3D-TOF-MRA. Consequently, visibility of the stent lumen
was improved and diagnostic reliability of 3D-TOF-MRA
was markedly increased. Hence, we demonstrated that our
optimized imaging parameters markedly improved the ability
to visualize such lesions.
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