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Objective: To determine the usefulness of Silent MR angiography (MRA) for evaluating intracranial aneurysms treated with
stent-assisted coil embolization.

Materials and Methods: Ninety-nine patients (101 aneurysms) treated with stent-assisted coil embolization (Neuroform atlas,
71 cases; Enterprise, 17; LVIS Jr, 9; and Solitaire AB, 4 cases) underwent time-of-flight (TOF) MRA and Silent MRA in the same
session using a 3T MRI system within 24 hours of embolization. Two radiologists independently interpreted both MRA
images retrospectively and rated the image quality using a 5-point Likert scale. The image quality and diagnostic accuracy of
the two modalities in the detection of aneurysm occlusion were further compared based on the stent design and the site of
aneurysm.

Results: The average image quality scores of the Silent MRA and TOF MRA were 4.38 + 0.83 and 2.78 + 1.04, respectively (p <
0.001), with an almost perfect interobserver agreement. Silent MRA had a significantly higher image quality score than TOF
MRA at the distal internal carotid artery (n = 57, 4.25 + 0.91 vs. 3.05 + 1.16, p < 0.001), middle cerebral artery (n = 21, 4.57 +
0.75 vs. 2.19 + 0.68, p < 0.001), anterior cerebral artery (n = 13, 4.54 + 0.66 vs. 2.46 + 0.66, p < 0.001), and posterior
circulation artery (n = 10, 4.50 + 0.71 vs. 2.90 + 0.74, p = 0.013). Silent MRA had superior image quality score to TOF MRA
in the stented arteries when using Neuroform atlas (4.66 + 0.53 vs. 3.21 + 0.84, p < 0.001), Enterprise (3.29 + 1.59 vs. 1.59 *
0.51, p = 0.003), LVIS Jr (4.33 + 1.89 vs. 1.89 + 0.78, p = 0.033), and Solitaire AB stents (4.00 + 2.25 vs. 2.25 + 0.96,
p = 0.356). The interpretation of the status of aneurysm occlusion exhibited significantly higher sensitivity with Silent MRA
than with TOF MRA when using the Neuroform Atlas stent (96.4% vs. 14.3%, respectively, p < 0.001) and LVIS Jr stent (100%
vs. 20%, respectively, p = 0.046).

Conclusion: Silent MRA can be useful to evaluate aneurysms treated with stent-assisted coil embolization, regardless of the
aneurysm location and type of stent used.
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INTRODUCTION Aneurysm Trial [1]. The number of cases of coil embolization
for aneurysms is increasing; the stent-assisted technique
Endovascular treatment for intracranial aneurysms has has a wider application because it can be employed in
been widely used since the International Subarachnoid cases that are difficult to treat with conventional coil

embolization [2]. Nevertheless, there is still a risk of
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undergoing stent-assisted coil embolization are limited
because of magnetic susceptibility artifacts [3,4]. In clinical
practice, DSA is a well-known gold standard modality for the
follow-up of treated aneurysms because of its high spatial
resolution, three-dimensional (3D) imaging, and dynamic
information [5]. However, DSA is an invasive procedure
with disadvantages such as unavoidable radiation exposure,
contrast material-induced complications, hematoma at the
puncture site, and risk of neurological complications due

to thromboembolism or arterial dissection [6]. Therefore,
noninvasive imaging techniques are frequently preferred
because procedure-related risks may accumulate when
procedures are repeated over the follow-up period [5]. In
previous studies, non-contrast-enhanced (CE) MRA using the
Silent Scan algorithm (Silent MRA) or pointwise encoding
time reduction with radial acquisition with subtraction-
based MRA has been introduced as an imaging modality for
the follow-up of treated intracranial aneurysms that can
overcome the disadvantages of TOF MRA [7-13].

Over the past few years, variable intracranial stents,
including the Neuroform atlas [14,15] (Stryker), Enterprise
[16,17] (Codman), LVIS Jr [18-20] (MicroVention), Solitaire
AB [21,22] (eV3) have been implemented for stent-assisted
coil embolization of wide-necked aneurysms. Nonetheless,
existing studies on the usefulness of Silent MRA for
evaluating treated aneurysms have limited generalizability,
since only a small number of stent types were included.

We hypothesized that Silent MRA could be a first-line,
noninvasive imaging modality for the follow-up of aneurysms
treated with stent-assisted coil embolization, regardless of
the aneurysm location or stent type. Therefore, this study
aimed to investigate the clinical usefulness of Silent MRA
in evaluating the image quality and diagnostic accuracy of
treated intracranial aneurysms in diverse arterial locations
and with multiple stent types, when compared with TOF MRA.

MATERIALS AND METHODS

Ethical Approval

Ethical approval was obtained from the relevant
Institutional Review Board. The requirement for written
informed consent was waived because of the retrospective
nature of this study (IRB No. MED-MDB-20-508).

Patient and Aneurysm Characteristics
Between November 2019 and December 2020, 103
aneurysms in 101 patients treated with stent-assisted coil
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embolization were retrospectively examined. Two patients
were excluded from the study because of poor MRA image
quality. The remaining 99 patients with 101 aneurysms
comprised 27 male and 72 female with a mean age of 57.9 +
10.3 years (range, 18-78 years). The aneurysms in these 99
patients were located in the distal internal carotid artery
(57/101, 56.4%), middle cerebral artery (21/101, 20.8%),
anterior cerebral artery (13/101, 12.9%), and posterior
circulation artery (10/101, 9.9%). The stents used to treat
the aneurysm were the Neuroform Atlas stent (71/101,
70.3%), Enterprise stent (17/101, 16.8%), LVIS Jr stent
(9/101, 8.9%), and Solitaire AB stent (4/101, 4.0%).

All patients were followed up using TOF MRA and Silent
MRA performed in the same session within 24 hours of
embolization. The image quality of the stented arterial
segment and diagnostic performance of the treated
aneurysm were compared with follow-up MRA images, based
on the final DSA images obtained during the stent-assisted
coil embolization procedure, used as a reference standard.

MRA Scan Parameters

Silent MRA and TOF MRA were performed with 3T MRA
(Discovery™ MR750w; GE Healthcare) with a 24-channel
head coil. The scan parameters of Silent MRA were as
follows: repetition time (TR), 1096 ms; echo time (TE),
0.016 ms; flip angle, 5°; field of view (FOV), 200 x 200 mm;
matrix, 180 x 180; bandwidth, + 25 kHz; section thickness,
1.2 mm; number of excitations (NEX), 1.6; and acquisition
time, 7 minutes and 43 seconds. The scan parameters of 3D
TOF MRA were as follows: TR, 19 ms; TE, 3.0 ms; flip angle,
15°; FOV, 117 x 150 mm; matrix, 512 x 300; bandwidth,
+ 50 kHz; section thickness, 1.2 mm; NEX, 0.85; and
acquisition time, 5 minutes, 47 seconds (Table 1).

Table 1. Scan Parameters of Silent MRA and TOF MRA

Parameter Silent MRA TOF MRA
FOV, mm? 200 x 200 117 x 150
Acquisition Matrix 180 x 180 512 x 300
TR/TE, ms 1096,/0.016 19/3.0
Flip angle, ° 5 15
Bandwidth, kHz 25 50
Slice thickness, mm 1.2 1.2
NEX 1.60 0.85
Acquisition time, minutes:seconds 7:43 5:47

FOV = field of view, MRA = MR angiography, NEX = number of
excitations, Silent MRA = MRA using the Silent Scan algorithm, TE =
echo time, TOF = time-of-flight, TR = repetition time
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Image Analysis

All DSA, Silent MRA, and 3D TOF MRA series scans were
anonymized by random number assignment. The two types
of MRA images were assessed separately to minimize
bias due to knowledge of the results of the other MRA
images. We used both maximum intensity projection and
source images. All images were independently evaluated
in random order by two radiologists (who had 6 and 3
years of experience in neuroradiology, respectively) on a
picture archiving and communication system. In all images,
the window width and window level can be modified for
evaluation. The locations of the treated aneurysms were
provided to the two observers because pretreatment DSA
images were unavailable.

The image quality for visualization of the stented artery
was assessed based on a 5-point Likert scale as follows:
1) not visible (almost no signal); 2) poor (structures are
slightly visible but with substantial blurring or artifacts);
3) acceptable (diagnostic information of acceptable quality
with medium blurring or artifacts); 4) good (diagnostic
information of good quality with minimal blurring or
artifacts); and 5) excellent (diagnostic information of good
quality without blurring or artifacts) [9]. In addition, the
occlusion status of the stented aneurysm was evaluated
using a dual rating system (total occlusion/remnant). The
remnant aneurysm included Raymond-Roy class II and III
(residual neck or aneurysm) [23]. The aforementioned two
readers evaluated the aneurysm occlusion status, using DSA
as the reference standard, and performed image analysis of
both Silent MRA and TOF MRA to evaluate the diagnostic
accuracy of the two modalities. The two readers analyzed
all cases together, using stent type, and aneurysm sites,
respectively.

Statistical Analysis

Interobserver agreement in the evaluation was assessed
using weighted « statistics. According to Viera and Garrett
[24], the weighted k was interpreted as follows: < 0, less
than chance agreement; 0.01-0.10, slight agreement;
0.21-0.40, fair agreement; 0.41-0.60, moderate agreement;
0.61-0.80, substantial agreement; and 0.81-0.99, almost
perfect agreement. To compare the scores of the Silent
MRA and TOF MRA, the scores of each image set from the
two readers were averaged, and the Mann-Whitney U test
was performed. To compare the diagnostic accuracy of
the Silent MRA and TOF MRA in evaluating the occlusion
status of stented aneurysms, sensitivity and specificity
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were compared using McNemar’s test [25]. p < 0.05 was
considered statistically significant.

RESULTS

Among 101 stented aneurysms with standard DSA images,
62 (61.4%) were of the complete occlusion type, and 39
(38.6%) were remnant aneurysms. The characteristics of
patients and aneurysms are summarized in Table 2. The
interobserver agreements were comparable between Silent
MRA (x = 0.87, p < 0.001) and TOF MRA (x = 0.91, p < 0.001).

The mean scores for image quality were higher for
Silent MRA than for TOF MRA (4.38 + 0.83, 2.78 + 1.04,

p < 0.001). The assessment of the image quality of the
stented aneurysm according to the aneurysm location

and stent design is shown in Tables 3 and 4. All stented
arterial segments showed significantly better image quality
regardless of the aneurysm location on Silent MRA than
that on TOF MRA, at the distal internal carotid artery (n =
57, 4.25 £ 0.91 vs. 3.05 + 1.16, p < 0.001), middle cerebral
artery (n =21, 4.57 £ 0.75 vs. 2.19 £ 0.68, p < 0.001),
anterior cerebral artery (n = 13, 4.54 + 0.66 vs. 2.46 + 0.66,
p < 0.001), and posterior cerebral artery (n = 10, 4.50 +
0.71 vs. 2.90 + 0.74, p = 0.013), respectively. Moreover, the
image quality of the stented segment according to the stent

Table 2. Characteristics of Patients with Aneurysms

Parameters Values
Age, year, mean + SD 57.9 + 10.3
Sex, female:male 27:72
Aneurysm status (for 101 aneurysms)
Presentation
Ruptured 0
Unruptured 101
Location
ICA 57
MCA 21
ACA 13
Posterior circulation 10
Occlusion result
Complete occlusion 62
Neck remnant 39
Stent type (for 101 aneurysms)
Neuroform Atlas 71
Enterprise 17
LVIS 9
Solitaire 4

ACA = anterior cerebral artery, ICA = internal carotid artery, MCA =
middle cerebral artery, SD = standard deviation
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type used was significantly superior on Silent MRA than on
TOF-MRA, as follows: Neuroform atlas (n = 71, 4.66 + 0.53 vs.
3.21 + 0.84, p < 0.001), Enterprise (n =17, 3.29 + 0.85 vs.
1.59 + 0.51, p = 0.003), and LVIS Jr (n =9, 4.33 + 1.89 vs.
1.89 + 0.78, p = 0.008), respectively.

Table 5 demonstrates the subgroup analysis of the
sensitivity, specificity, positive predictive value, and
negative predictive value of Silent MRA and TOF MRA for
evaluating the status of the aneurysm occlusion with regard
to the stent type. Subgroup analysis showed significantly
higher sensitivity with Silent MRA than with TOF MRA using

Table 3. Assessment of Image Quality according to Aneurysm
Location on Silent MRA and TOF MRA

Location Silent MRA TOF MRA P
dICA (n =57) 4.25 +0.91 3.05 +1.16 < 0.001
MCA (n = 21) 4.57 +0.75 2.19+£0.68 <0.001
ACA (n =13) 4.54 + 0.66 2.46 + 0.66 < 0.001
Posterior (n = 10) 4.50 £ 0.71 2.90 £ 0.74 0.013

Data are mean + standard deviation. ACA = anterior cerebral artery,
dICA = distal internal carotid artery, MCA = middle cerebral artery,
MRA = MR angiography, Silent MRA = MRA using the Silent Scan
algorithm, TOF = time-of-flight

Table 4. Assessment of Image Quality according to the Stent
Design on Silent MRA and TOF MRA

Type of Stent Silent MRA TOF MRA P
Neuroform atlas (n =71)  4.66 + 0.53 3.21+0.84 <0.001
Enterprise (n = 17) 3.29+0.85 1.59+0.51  0.003
LVIS Jr (n =9) 4.33+1.89 1.89+0.78 0.008
Solitaire AB stent (n=4) 4.00 + 1.15 2.25+0.96  0.089

Data are mean + standard deviation. MRA = MR angiography, Silent
MRA = MRA using the Silent Scan algorithm, TOF = time-of-flight
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the Neuroform Atlas (96.4% vs. 14.3%, p < 0.001) and LVIS
Jr (100% vs. 20%, p = 0.046) stents.

Subgroup analysis showed that image quality was better
in open-cell stents (Neuroform Atlas) than in closed-cell
stents (Enterprise, LVIS Jr., Solitaire AB), regardless of
Silent and TOF MRA (Supplementary Table 1). Furthermore,
regardless of stent design, Silent MRA showed significantly
better sensitivity than TOF MRA (Supplementary Table 2).

Figures 1-4 show representative cases for different stent
designs.

DISCUSSION

Our study demonstrated that Silent MRA offered superior
image quality in visualizing stented aneurysms regardless
of the aneurysm location and stent type when compared
with TOF MRA. Furthermore, Silent MRA showed significantly
higher diagnostic performance for evaluating aneurysm
occlusion status than TOF MRA with the Neuroform atlas,
Enterprise, and LVIS Jr stent designs.

Several studies have reported that Silent MRA is useful
for visualizing the stented site following stent-assisted coil
embolization [8-13]. Unlike previous studies, we included
more arterial sites and stent types to demonstrate the
usefulness of Silent MRA. Compared with TOF MRA, Silent
MRA provides a higher quality view of stented arterial
segments treated with the Neuroform atlas, Enterprise,
and LVIS Jr stents, and aneurysms at all locations. In
addition, this study measured the diagnostic performance
of TOF MRA and Silent MRA in the detection of remnant
aneurysms based on the different types of stents. Compared

Table 5. Diagnostic Accuracy of Silent MRA and TOF MRA for Evaluating the Status of Aneurysm Occlusion in Subgroups

Type of Stent Type of MRA Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Neuroform (n = 71) Silent 96.4 100 100 97.7
TOF 14.3 100 100 64.2
p value < 0.001 NA

Enterprise (n = 17) Silent 100 100 100 100
TOF 50 100 100 86.7
p value 0.157 NA

LVIS Jr (n =9) Silent 100 100 100 100
TOF 20 100 100 50
p value 0.046 NA

Solitaire AB (n = 4) Silent 100 100 100 100
TOF 50 100 100 66.7
p value 0.317 NA

MRA = MR angiography, NA = not applied, NPV = negative predictive value, PPV = positive predictive value, Silent MRA = MRA using the

Silent Scan algorithm, TOF = time-of-flight

kjronline.org https://doi.org/10.3348/kjr.2021.0332
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Fig. 1. Images of a 58-year-old male with a treated aneurysm in the left MCA bifurcation.

A. Stent-assisted coil embolization was performed with a Neuroform Atlas stent. Arrowheads indicate the implanted stent marker. B. Final
angiography during the embolization procedure shows the neck remnant (arrow) of the aneurysm sac. C. Time-of-flight MRA shows poor
visualization at the stented segment of MCA (arrowheads), and the neck remnant is not depicted (arrow). D. Silent MRA shows excellent
visualization at the stented segment (arrowheads), and the neck remnant is fully depicted (arrow). MCA = middle cerebral artery, MRA = MR

angiography

to TOF MRA, Silent MRA was better at detecting remnant
aneurysms.

It is difficult to visualize the flow of stented artery
on TOF MRA because of susceptibility artifacts or the
radiofrequency (RF) shielding effect of intracranial stents.
The RF shielding artifact is caused by eddy currents induced
in the stent. These eddy currents produce an opposing
RF field, which reduces the sensitivity of the receiving
and emitting signals within the stent. The RF shielding
artifact may be decreased by increasing the RF power of the
excitation pulse [26,27].

A high-power RF pulse is required to create an excitation
pulse with a high flip angle, which is proportional to the
integral of the RF pulse. The higher the flip angle used,
the greater the transverse magnetization created; the
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transverse magnetization of the unsaturated blood or fast
arterial flow in the imaging plane increases [3]. Therefore,
visualization of the neck remnant is difficult, even if a
higher flip angle increases the signal intensity in the stent.
Silent MRA imaging was performed using the Silent pulse
sequence (GE Healthcare). The Silent Scan uses zero TE (ZTE),
which employs a nonselective RF excitation pulse and a 3D
radial center-out k-space trajectory. The imaging encoding
starts immediately after the end of the RF excitation to

fill the center of the k-space, which is the nominal ZTE.
The RF duration should be maintained short (approximately
8-16 ps), and the flip angle is limited in ZTE to minimize
the delay between the RF pulse and the transmit-receive
switching time. Additionally, a limited excitation bandwidth
was used to avoid disturbing the spin excitation [28]. The

https://doi.org/10.3348 /kjr.2021.0332 kjronline.org
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Fig. 2. Images of a 66-year-old female with a treated aneurysm at the basilar top.

A. Stent-assisted coil embolization was performed using an Enterprise stent. Arrowheads indicate implanted stent markers. B. Final angiography
during the embolization procedure shows the neck remnant of the aneurysm sac. C. Time-of-flight MRA on the same day shows complete signal
loss at the stented segment (arrowhead) of the basilar artery, and the neck remnant is partially depicted (arrow). D. Silent MRA on the same day
shows acceptable visualization of the basilar artery (arrowhead), and the neck remnant is fully depicted (arrow). MRA = MR angiography

Silent Scan includes the ZTE combined with arterial spin-
labeling technique to prepare a pulse for the visualization
of blood flow. In Silent MRA, the non-labeled image
obtained before the labeling pulse is the control image, and
the final image is reconstructed with data subtracted from
the labeled image that is obtained after the labeling pulse.
This ZTE can decrease magnetic susceptibility by minimizing
the phase dispersion of the labeled blood flow signal in the
voxel space, thereby enabling visualization of the blood
flow in the stent [7].

We compared the image quality and diagnostic accuracy
of the two imaging modalities with respect to the four
recent representative stents used in stent-assisted coil

kjronline.org https://doi.org/10.3348/kjr.2021.0332

embolization. Different stents were examined, with the
assumption that the cell design and thickness of the stent
struts would affect the determination of the degree of

RF shielding effect and the occurrence of susceptibility
artifacts. A thinner stent strut of the Neuroform Atlas
stent could especially lower the incidence of susceptibility
artifacts and therefore be visualized better [29,30]. The
Solitaire AB stent has the thinnest stent strut, closed-

cell design, and open-slit design. Owing to the open slit
design, the overlap range of the stent strut was determined
according to the relationship between the diameter of the
stent and that of the vessel. Therefore, artifacts associated
with the Solitaire stent on MRI could be easily predicted

251



Korean Journal of Radiology

Kim et al.

Fig. 3. Images of a 42-year-old male with a treated aneurysm in the anterior communicating artery.

A. Stent-assisted coil embolization was performed using an LVIS Jr stent. Arrowheads indicate implanted stent markers. B. Final angiography
during the embolization procedure shows the neck remnant (arrows) of the aneurysm sac. C. Time-of-flight MRA shows acceptable visualization
at the stented segment of the anterior cerebral artery (arrowheads), and the neck remnant is not depicted (arrow). D. Silent MRA shows excellent
visualization at the stented segment (arrowheads), and the neck remnant is fully depicted (arrow). MRA = MR angiography

[30]. However, because the number of cases where the
Solitaire AB stent was used was much smaller than that
of other stents, this difference in sample size could also
affect the results. Therefore, studies with a larger number
of patients treated with Solitaire AB stents should be
conducted in the near future to validate the significant
results.

The self-expandable, single-wire braided nature of the
LVIS Jr stent allows greater metal coverage of the blood
vessel, compared with conventional open-cell and closed-
cell stents. Because the metal quantity per unit blood vessel
area is greater with the LVIS Jr stent, using TOF MRA to
detect the neck remnants of aneurysms is considered more
difficult due to susceptibility artifacts. However, the strut
thickness of LVIS Jr stents (54 um) is less than or similar
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to that of other stents (Enterprise, 94 pm; Solitaire AB,
61 um; Neuroform Atlas, 55 pm). Hence, we assumed that
the thickness of the LVIS Jr stent might affect the image
quality and diagnostic accuracy of Silent MRA, which might
be attributed to the reduction in susceptibility artifacts as
a result of using a ZTE. Thus, Silent MRA might be useful for
follow-up patients treated with LVIS Jr stents [4,30,31].

Silent MRA imaging takes 7 minutes 43 seconds, which
is approximately 1.5 times longer than the 5 minutes 47
seconds required for TOF MRA. Owing to the long scanning
duration, motion artifacts can be one of the disadvantages
of Silent MRA. However, despite this disadvantage, Silent
MRA provides benefits in flow visualization of the stented
segment without contrast media or radiation exposure.

DSA is commonly considered a standard modality for
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Fig. 4. Images of a 63-year-old female with a treated aneurysm in the right paraclinoid internal carotid artery.

A. Stent-assisted coil embolization was performed using a Solitaire AB stent. Arrowhead indicate implanted stent markers. B. Final angiography
during the embolization procedure shows the neck remnant (arrow) of the aneurysm sac. C. Time-of-flight MRA shows poor visualization at

the stented segment of the ICA (arrowhead), and the neck remnant is not depicted (arrow). D. Silent MRA shows excellent visualization at the
stented segment (arrowhead), and the neck remnant is fully depicted (arrow). MRA = MR angiography

follow-up after stent-assisted coil embolization. However,
this technique is invasive and carries risks associated with
neurologic complications, contrast materials, and radiation
exposure [3,6]. Therefore, as an alternative, CE MRA, a non-
invasive technique, is used for follow-up imaging of stented
aneurysms. However, this method has disadvantages,
including gadolinium-induced nephrogenic systemic fibrosis
and anaphylaxis [32]. Silent MRA can be used clinically as
an imaging modality for the follow-up of aneurysms treated
with stent-assisted coil embolization by compensating for
these shortcomings.

This study has several limitations. First, there may be an
information bias because TOF and Silent MRA were analyzed
together without intervals, and the statistical power may
have been jeopardized in the LVIS Jr and Solitaire AB

kjronline.org https://doi.org/10.3348/kijr.2021.0332

stent groups because of the relatively small sample size.
Second, Silent MRA has a longer scanning duration, which
may cause motion artifacts. Third, TOF MRA and Silent MRA
were used as follow-up imaging modalities 24 hours after
treatment, meaning that our results cannot be extrapolated
to long-term follow-up periods, something that can be
addressed by future studies with longer follow-up periods.
Fourth, we did not evaluate all types of stents currently
used in stent-assisted coil embolization procedures. Finally,
we were unable to compare Silent MRA with CE MRA, which
is currently known to be useful as a follow-up imaging
modality for stent-assisted coil embolization.

In conclusion, Silent MRA was superior to TOF MRA in
the visualization of stented arteries and showed higher
diagnostic accuracy for evaluating the status of aneurysm
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occlusion in patients who have undergone stent-assisted
coil embolization, regardless of the aneurysm location

and the type of stent used. The fact that patients are not
exposed to radiation or contrast media is an advantage of
Silent MRA. Silent MRA may, therefore, be useful for follow-
up assessment after stent-assisted coil embolization.
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