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Abstract
Objectives  As a novel follow-up method for intracranial aneurysms treated with stent-assisted coil embolization (SACE), we devel-
oped four-dimensional magnetic resonance angiography (MRA) with minimized acoustic noise utilizing ultrashort-echo time (4D 
mUTE-MRA). We aimed to assess whether 4D mUTE-MRA is useful for the evaluation of intracranial aneurysms treated with SACE.
Methods  This study included 31 consecutive patients with intracranial aneurysm treated with SACE who underwent 4D 
mUTE-MRA at 3 T and digital subtraction angiography (DSA). For 4D mUTE-MRA, five dynamic MRA images with a 
spatial resolution of 0.5 × 0.5 × 0.5 mm3 were obtained every 200 ms. Two readers independently reviewed the 4D mUTE-
MRA images to evaluate the aneurysm occlusion status (total occlusion, residual neck, and residual aneurysm) and the flow 
in the stent using a 4-point scale (from 1 [not visible] to 4 [excellent]). The interobserver and intermodality agreement was 
assessed using κ statistics.
Results  On DSA images, 10 aneurysms were classified as total occlusion, 14 as residual neck, and 7 as residual aneurysm. 
In terms of aneurysm occlusion status, the intermodality and interobserver agreement was excellent (κ = 0.92 and κ = 0.96, 
respectively). For the flow in the stents on 4D mUTE-MRA, the mean score was significantly higher for single stents than 
multiple stents (p < .001) and for open-cell type stents than closed-cell type (p < .01).
Conclusions  4D mUTE-MRA is a useful tool with a high spatial and temporal resolution for the evaluation of intracranial 
aneurysms treated with SACE.
Key Points 
• In the evaluation of intracranial aneurysms treated with SACE on 4D mUTE-MRA and DSA, the intermodality and 

interobserver agreement in aneurysm occlusion status was excellent.
• 4D mUTE-MRA shows good to excellent visualization of flow in the stents, especially for cases treated with a single or 

open-cell stent.
• 4D mUTE-MRA can provide hemodynamic information related to embolized aneurysms and the distal arteries to stented 

parent arteries.
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Abbreviations
ASL	� Arterial spin-labeling
DSA	� Digital subtraction angiography
IC-PC	� Internal carotid-posterior communicating 

artery
MRA	� Magnetic resonance angiography
mUTE-MRA	� Minimized acoustic noise utilizing UTE 

combined with an ASL technique 
LVIS	� Low-profile Visualized Intraluminal 

Support
PETRA​	� Pointwise encoding time reduction with 

radial acquisition
SACE	� Stent-assisted coil embolization
TI	� Inversion time
TOF	� Time-of-flight
UTE	� Ultrashort-echo time

Introduction

Stent-assisted coil embolization (SACE) has been used 
to treat intracranial aneurysms, particularly wide-neck 
aneurysms [1]. Post-treatment follow-up is important due 
to the risk of aneurysmal enlargement caused by coil 
compaction or incomplete embolization and in-stent ste-
nosis after SACE. Approximately 8.1–12% of patients 
with intracranial aneurysms presented with recanaliza-
tion after SACE [2, 3]. Digital subtraction angiography 
(DSA) is the gold standard follow-up examination after 
treatment with SACE. However, it has some risks asso-
ciated with catheterization, radiation exposure, and the 
use of iodinated contrast media [4–6]. Therefore, a non-
invasive imaging method is required to follow up patients 
treated with SACE.

Three-dimensional (3D) time-of-flight (TOF) mag-
netic resonance angiography (MRA) is widely used 
to evaluate cerebral vascular diseases. Moreover, it 
is considered a noninvasive alternative to DSA [7–9]. 
Several studies have reported that f low in the stent is 
challenging to visualize using TOF-MRA due to mag-
netic susceptibility and radiofrequency shielding, and 
its use in assessing residual f low in aneurysms is con-
troversial [9, 10]. Recently, 3D ultrashort-echo time 
(UTE)-MRA with arterial spin-labeling (ASL) has 
been used as a follow-up imaging tool in patients with 
intracranial aneurysms treated with SACE [10–13]. 
Because UTE reduces magnetic susceptibility artifacts 
in stents and coils and minimizes the phase disper-
sion of the labeled blood f low signal using ASL, 3D 
UTE-MRA can be utilized to evaluate flow in the stent 
and the residual f low in aneurysms. However, it has a 
relatively low spatial resolution (an in-plane resolution 

of 1 × 1 mm2 or higher) and is not able to provide 
hemodynamic information. Recently, ASL-based four-
dimensional (4D) MRA has been reported to provide 
high spatial and temporal resolution [14], but there 
are no reports of ASL-based 4D MRA combined with 
UTE technology.

To overcome these issues of 3D UTE-MRA, we devel-
oped a 4D MRA sequence with minimized acoustic noise 
utilizing UTE combined with an ASL technique (4D 
mUTE-MRA). It has an in-plane resolution of less than 
1 × 1 mm2 and is expected to be used to evaluate flow in 
the stent, aneurysm occlusion status, and hemodynamics 
of the aneurysms and adjacent arteries in the evaluation 
of intracranial aneurysms treated with SACE. This study 
aimed to determine whether 4D mUTE-MRA is useful 
for the evaluation of intracranial aneurysms treated with 
SACE.

Materials and methods

Study population

This retrospective study was approved by the institu-
tional review board. Informed consent was obtained 
using the opt-out method described on our hospital 
Web site. One hundred-thirty consecutive patients 
with intracranial aneurysms treated in our institution 
were searched and recruited from June 2017 to January 
2021 (Suppl. material). The inclusion criteria included 
patients who had intracranial aneurysms treated with 
SACE and who underwent follow-up 4D mUTE-MRA 
and DSA. Ninety-four patients treated with non-SACE 
treatment such as clipping (n = 22), coil embolization 
alone (n = 63), f low diverter placement (n = 4), and 
trapping (n = 5) were excluded. In 36 patients treated 
with SACE, five patients were excluded due to no 
4D mUTE-MRA study within eight days after SACE 
(n = 2), stents placed in the small artery (e.g., the pos-
terior inferior cerebellar artery) (n = 2), and severe 
metallic artifact from an aneurysm clip (n = 1). Finally, 
31 consecutive patients (19 women; age range: 42–77 
[mean: 61.8] years) with intracranial aneurysms treated 
with SACE were included in this study. The mean 
time interval between DSA and MRI was 2.0 (range, 
1–8) days. These examinations were performed within 
1 week after SACE.

Three types of stents were used in this study: Neuroform 
Atlas stent (Stryker), LVIS Jr. stent (MicroVention), and 
Enterprise 2VRD stent (Codman). Of the 31 patients, 24 
were treated with a single stent (14 patients with Neuro-
form Atlas stent, 9 patients with LVIS Jr. stent, and one 
patient with Enterprise 2VRD stent). Six patients were 
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treated with two stents (one patient with two Neuroform 
stents, three with two LVIS stents, and two with Neuro-
form and LVIS stents), and one with three LVIS stents. 
The aneurysms were located at the paraclinoid portion of 
the internal carotid artery (ICA) (n = 7), basilar top (n = 6), 
anterior communicating artery (n = 5), cavernous portion 
of the ICA (n = 4), ICA-posterior communicating artery 
(IC-PC) (n = 3), vertebral artery (n = 3), distal portion of 
the anterior cerebral artery (n = 2), and middle cerebral 
artery (n = 1). The mean aneurysm diameter was 9.7 ± 5.3 
(range, 3–24) mm.

Description of the 4D mUTE‑MRA technique

The 4D mUTE-MRA is  a  4D ASL-based MRA 
sequence with minimized acoustic noise utilizing 
ultrashort-echo time. Figure 1 shows the architecture 
of 4D mUTE-MRA. It comprised multiple inversion 
time (TI) MRA data with signal targeting with alter-
nating radio frequency with the asymmetric inver-
sion slabs (mASTAR) technique combining ASL and 

a 3D mUTE radial acquisition readout. The ASTAR 
method with Look-Locker sampling was used for 
spin tagging [15, 16]. The vascular image with sup-
pressing venous f low was obtained by subtracting 
the images acquired separately (Fig. 1A). This facili-
tates visualization of hemodynamics within a short 
per iod of time. The 3D mUTE radial readout was 
acquired at multiple TIs after a single tag pulse. Data 
were acquired radially from the center of k-space 
(Fig. 1B). Since the application of a readout gradient 
field during radiofrequency excitation causes signal 
loss at the center of k-space, the area was filled with 
the orthogonal acquisition (Fig. 1B).

MRI protocol

All MRI procedures were performed with a 3-T MRI system 
(Galan ZGO; Canon Medical Systems) and a 32-channel 
head coil. The parameters of the 4D mUTE-MRA sequence 
were as follows: TR/TE, 3.0/0.1 ms; flip angle, 6°; recovery 
time, 1226 ms; field of view (FOV), 250 × 250 mm; matrix, 
256 × 256; section thickness, 1 mm; reconstructed spatial 

Fig. 1   Schematic labeling geometry and pulse sequence diagram of 
the four-dimensional (4D) mUTE-MRA technique. A 4D mUTE-
MRA comprises multiple inversion time MRA with signal targeting 
with alternating radio frequency with the asymmetric inversion slabs 
technique combining the pulsed arterial spin-labeling technique and 
a three dimensional (3D) mUTE radial acquisition readout. The con-
trol and tag inversion recovery pulses were applied, as shown in the 
figure. The vascular image was obtained by subtracting the images 
acquired separately with suppressing venous flow. A 3D mUTE 

radial readout was acquired at multiple TIs after a single tag pulse. B 
mUTE is a silent 3D acquisition with a constant readout gradient field 
applied during acquisition and a slight switching of the gradient field 
just before radiofrequency excitation. Data were acquired radially 
from the center of k-space. Since the application of a readout gradient 
field during radiofrequency excitation causes signal loss at the center 
of k-space, which is the area filled with point by point on a cartesian 
trajectory. BBTI = blood–blood inversion time
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resolution, 0.5 × 0.5 × 0.5 mm3; number of excitations, 2; 
parallel imaging factor, 1; delay time, 200 ms; inversion time 
step, 200 ms; number of acquisition phase, 5 (200, 400, 600, 
800, and 1000 ms); number of segmentation, 160; number 
of trajectories, 9600; bandwidth, 244 kHz; and acquisition 
time, 9 min. The maximum intensity projection technique 
was used for the 3D display of MRA images. In each case, 
five dynamic MRA images were created to match the DSA 
view, which is optimal for the evaluation of embolized aneu-
rysms. In addition, five dynamic MRA images were inte-
grated to reconstruct the MRA images with three orthogonal 
planes.

DSA protocol

Biplanar intra-arterial DSA (Allura Clarity FD 20/15; 
Philips Medical Systems, Best, the Netherlands) was per-
formed via a femoral artery approach by trained neurosur-
geons. Iodinated contrast medium (Iopamidol, Iopamiron 
300; Bayer-Schering) at 6–10 mL was selectively adminis-
tered into the ICA or vertebral artery according to aneurysm 
location. The image matrix and FOV were 2048 × 2048 and 
190 × 190 mm, respectively. The temporal resolution was 
three frames per second. Rotational 3D angiography was 
also performed for additional confirmation of the findings.

Image analysis

A neuroradiologist (T.H.) with 31 years of experience in 
neuroradiology assessed the visualization of aneurysm 
occlusion status and the lumen in the stents on DSA at a 
picture archiving and communication system workstation 
(PACS). The reader classified the aneurysm occlusion sta-
tus as total occlusion, residual neck, and residual aneurysm 
using the Raymond-Roy occlusion classification [17]. Then, 
the reader also rated the visualization of the lumen in each 
stent as follows: occlusion (no contrast filling in the stent), 
stenosis (good flow with slight to moderate stenosis in the 
stent), and no stenosis (excellent flow without stenosis in 
the stent).

Two readers (M.K. and H.U., with 30 and 13 years of 
experience in neuroradiology, respectively) independently 
assessed 4D mUTE-MRA (five dynamic MRA images 
similar to DSA projection, integrated MRA images from 
dynamic MRA images in three orthogonal directions, and 
one zoomed selective integrated MRA image similar to 
DSA projection) findings on a PACS. The experienced neu-
roradiologist who evaluated DSA findings selected these 
MRA images for the blinded reading study. The zoomed 
selective integrated MRA was created by trimming the 
artery overlying the aneurysm. The two readers were 
blinded to the DSA data, but not to those about the location 

of treated aneurysms. For all images, the window width 
and window level could be modified for assessment. Apply-
ing the Raymond-Roy occlusion classification [15] to 4D 
mUTE-MRA findings, the aneurysm occlusion status on 
4D mUTE-MRA images was classified as total occlusion, 
residual neck, and residual aneurysm. A total occlusion 
meant no signal in the whole aneurysm. A residual neck 
was defined as the presence of a slight signal in the neck 
of the aneurysm but without a signal of the aneurysmal 
sac. Any signal of the aneurysmal sac was classified as a 
residual aneurysm. With regard to the visualization of flow 
in each stent on 4D mUTE-MRA images, the two read-
ers evaluated the zoomed selective integrated MRA image 
similar to DSA projection in each case using a previously 
reported 4-point scale system [10]: grade 1, not visible 
(almost no signal in the stent); grade 2, poor (structures 
slightly visible but with significant blurring or artifacts, 
not diagnostic); grade 3, acceptable (acceptable-quality 
diagnostic information with medium blurring or artifacts); 
or grade 4, excellent (good-quality diagnostic information 
with minimal blurring or artifacts). Divergent assessments 
for aneurysm occlusion status or flow in the stent were re-
evaluated by two readers to reach a consensus.

After performing the blinded independent study, 
the hemodynamic status of the embolized aneurysm 
and the arteries distal to the stented parent artery on 
4D mUTE-MRA images was reviewed retrospectively 
by the same readers in consensus, together with the 
DSA findings.

Statistical analysis

The interobserver agreement for 4D mUTE-MRA with 
respect to aneurysm occlusion status and flow in the stent 
was determined by calculating the weighted κ coefficient 
(κ < 0.20, poor agreement; κ = 0.21–0.40, fair agreement; 
κ = 0.41–0.60, moderate agreement; κ = 0.61–0.80, good 
agreement; κ = 0.81–0.90, very good agreement; and 
κ > 0.90, excellent agreement) with 95% confidence intervals 
(CIs) (5). The intermodality agreement for the assessments 
of aneurysm occlusion status between 4D mUTE-MRA and 
DSA was determined by calculating the weighted κ coef-
ficient. In addition, the sensitivity and specificity with 95% 
CIs of 4D mUTE-MRA for detecting residual neck or resid-
ual aneurysm were calculated.

For the flow in each stent on 4D mUTE-MRA images, the 
mean score was compared between single and multiple stents 
and open-cell (Neuroform Atlas) and closed-cell type (LVIS Jr. 
and Enterprise 2VRD) stents using the Mann–Whitney U test 
after assessing normality using the Shapiro-Wilk test. A p value 
of  < 0.05 was considered statistically significant. MedCalc for 
Windows (MedCalc Software) was used for all analyses.
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Results

On DSA images, 10 aneurysms were classified as total 
occlusion, 14 as residual neck, and 7 as residual aneurysm. 
The interobserver agreement for the evaluation of aneurysm 
occlusion status on 4D mUTE-MRA images was excellent 

(κ = 0.96; 95% CI: 0.88, 1.00). The intermodality agreement 
between DSA and 4D mUTE-MRA findings was excellent 
for the evaluation of aneurysm occlusion status (κ = 0.92; 
95% CI: 0.81, 1.00) (Table 1, Figs. 2, 3, 4, and 5). Consen-
sus readings at 4D mUTE-MRA of observer 1 and observer 
2 had a sensitivity of 100% (95% CI: 83.2%, 100%) and 

Table 1   Summary of visual assessments of aneurysm occlusion status

4D mUTE-MRA indicates four-dimensional magnetic resonance angiography with minimized acoustic noise utilizing ultrashort-echo time com-
bined with a pulsed arterial spin-labeling technique. DSA means digital subtraction angiography. Data are number of aneurysms. κ indicates κ 
statistics value, with 95% confidence intervals in parentheses
a Agreement of 4D mUTE-MRA between observer 1 and observer 2
b Agreement between the consensus reading at 4D mUTE-MRA of observer 1 and observer 2 and DSA

Aneurysm occlusion status 4D mUTE-MRA Interobserver agreementa DSA 4D mUTE-
MRA
Consensus 
reading

Intermodality agreementb

Observer 1 Observer 2

Total occlusion 11 11 к = 0.96
[0.88–1.00]

10 11 к = 0.92
[0.81–1.00]Residual neck 11 12 14 12

Residual aneurysm   9   8   7   8

Fig. 2   A 60-year-old man treated with stent-assisted coil embo-
lization of the basilar top aneurysm with a single Neuroform Atlas 
stent. A, Anteroposterior projections of digital subtraction angiog-
raphy images of the left vertebral artery with a temporal resolution 
of 333 ms show total occlusion of the basilar top aneurysm (arrow-
heads) and excellent flow without stenosis in the stent. Arrows indi-
cate the stent edges. B, Anteroposterior maximum intensity projec-
tions of four-dimensional magnetic resonance angiography (MRA) 
with minimized acoustic noise utilizing ultrashort-echo time (4D 
mUTE-MRA) (3D mUTE-MRA images with a temporal resolution 

of 200 ms) show no signal in the aneurysm, an excellent flow signal 
in the stent, and antegrade flow from the parent artery stented to the 
distal arteries. Arrows indicate the stent edges. Anteroposterior (C), 
lateral (D), and axial (E) maximum intensity projections of integrated 
4D mUTE-MRA images made from five dynamic MRA images and 
zoomed selective integrated MRA image similar to DSA projection 
(F) also show no signal in the aneurysm and an excellent flow signal 
in the stent. In the findings of 4D mUTE-MRA images, both observ-
ers assigned total occlusion for aneurysm occlusion status and grade 
4 for flow in the stent
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a specificity of 91% (95% CI: 58.7%, 99.8%) for detecting 
residual neck or residual aneurysm.

On DSA images, the lumen in the stents of all 31 
patients treated with SACE had an excellent flow without 
stenosis. The summary of the evaluation for the flow in the 
stent on 4D mUTE-MRA images is shown in Table 2. The 
representative cases for the flow in the stent on 4D mUTE-
MRA images are indicated in Fig. 6. The interobserver 
agreement for the flow in the stents was very good in 4D 
mUTE-MRA (κ = 0.83; 95% CI: 0.69, 0.96). In 4D mUTE-
MRA, two observers judged the flow in the stent to be 
grade 3 or grade 4 in 23 and 22 patients, respectively. Three 
patients evaluated as grade 1 by either of the two observers 
had two or three LVIS stents (Fig. 6A). The mean score 
for the flow in the stents was significantly higher for the 
single than the multiple stents (observer 1, 3.29 ± 0.69 
and 2.00 ± 0.82, p < 0.01; observer 2, 3.21 ± 0.72 and 
2.14 ± 1.07, p = 0.015). It was also significantly higher for 
the open-cell type stent than the closed-cell type (observer 

1, 3.60 ± 0.51 and 2.43 ± 0.85, p < 0.01; observer 2, 
3.53 ± 0.64 and 2.45 ± 0.85, p < 0.01).

In this retrospective study, residual flow in the aneurys-
mal sac (residual aneurysm) was observed in eight cases 
for 4D mUTE-MRA and in seven cases for DSA. In one 
case with dissociated findings between the two modalities, 
a left proximal middle cerebral artery aneurysm treated with 
SACE using a single LVIS Jr was classified as a residual 
aneurysm for 4D mUTE-MRA and a residual neck for DSA 
(Fig. 4). In six out of eight (75%) cases with a residual aneu-
rysm on 4D mUTE-MRA, the volume of the residual lumen 
was judged to be larger for 4D mUTE-MRA than DSA 
(Fig. 5). Additionally, the size and signal of the residual 
lumen of the aneurysm varied sequentially from early to 
late in the arterial phase on 4D mUTE-MRA images, where 
the same information was not obtained by DSA (Fig. 5). In 
the remaining two cases, the volume of the residual lumen 
was judged to be equivalent between 4D mUTE-MRA and 
DSA. The antegrade flow from the parent artery stented to 

Fig. 3   A 70-year-old man treated with stent-assisted coil emboli-
zation of the distal anterior cerebral artery aneurysm with a single 
Neuroform Atlas stent. A Anteroposterior projections of digital sub-
traction angiography images of the left internal carotid artery with a 
temporal resolution of 333  ms show residual neck of the aneurysm 
(arrowheads) and excellent flow without stenosis in the stent. Arrows 
indicate the stent edges. B Anteroposterior maximum intensity pro-
jections of four-dimensional magnetic resonance angiography (MRA) 
with minimized acoustic noise utilizing ultrashort-echo time (4D 
mUTE-MRA) with a temporal resolution of 200 ms show equivocal 
residual neck of the aneurysm (arrowheads), an excellent flow signal 

in the stent, and antegrade flow from the parent artery stented to the 
distal arteries. Arrows indicate the stent edges. Anteroposterior (C), 
lateral (D), and axial (E) maximum intensity projections of integrated 
4D mUTE-MRA images made from five dynamic MRA images and 
zoomed selective integrated MRA image similar to DSA projection 
(F) show excellent flow in the stent. Anteroposterior projection of 
integrated MRA (C) and zoomed selective integrated MRA images 
(F) show residual neck of the aneurysm (arrowheads). In the assess-
ment of 4D mUTE-MRA findings, both observers assigned residual 
neck for aneurysm occlusion status and grade 4 for flow in the stent
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the distal arteries was similar in the two types of images in 
all cases (Figs. 2, 3, 4, and 5).

Discussion

Our study findings indicated that 4D mUTE-MRA at 3 T 
was useful for the evaluation of intracranial aneurysms 
treated with SACE. Agreement between 4D mUTE-MRA 
and DSA findings was excellent for the evaluation of aneu-
rysm occlusion status. We attributed these results to the 
high signal-to-noise ratio from the use of a 3-T MR unit 
and a 32-channel head coil, the high spatial and temporal 
resolution (0.5 × 0.5 × 0.5 mm3 and 200 ms per volume) of 
the MRA technique, decreased magnetic susceptibility from 
UTE, and lower phase dispersion of labeled blood flow sig-
nal using the ASL technique. To our knowledge, our study 
is the first documentation showing the efficacy of 4D UTE-
based MRA for the evaluation of intracranial aneurysms 
treated with SACE.

Coil artifacts in cerebral aneurysms depend on the 
coil material and TE, and the use of a shorter echo time 
on TOF-MRA and platinum:iridium coils has been 
reported to produce less artifact [18, 19]. Recent studies 
showed a good correlation between DSA and 3D UTE-
MRA for the evaluation of aneurysm occlusion status of 
intracranial anterior circulation aneurysms treated with 
SACE based on a 2-point scale (total occlusion or resid-
ual neck/aneurysm) [10, 20]. Takano et al [10] reported 
excellent intermodality agreements between DSA and 
Silent MRA in 31 patients treated with LVIS stents (21 
patients treated with a single stent and 10 treated with 
2 stents). Heo et al [16] also reported good to excel-
lent intermodality agreements between DSA and 3D 
UTE-MRA using the pointwise encoding time reduction 
with radial acquisition (PETRA) in 25 patients treated 
with Neuroform stent and Enterprise stent (24 patients 
treated with a single stent and 1 treated with 2 stents). 
Although our result seems to be similar to the previous 
results using 3D UTE-MRA, it is difficult to compare 
our results with those of these studies because there 

Fig. 4   A 72-year-old woman treated with stent-assisted coil embo-
lization of the left proximal middle cerebral artery aneurysm with a 
single LVIS Jr. stent. A Anteroposterior projections of digital sub-
traction angiography images of the left internal carotid artery with a 
temporal resolution of 333 ms show small residual flow (arrowheads) 
near the neck and excellent flow without stenosis in the stent. Arrows 
indicate the stent edges. B Anteroposterior maximum intensity pro-
jections of four-dimensional magnetic resonance angiography (MRA) 
with minimized acoustic noise utilizing ultrashort-echo time (4D 
mUTE-MRA) images with a temporal resolution of 200 ms show a 

protrusion of the residual lumen into the coil mass (arrowheads) and 
antegrade flow from the parent artery stented to the distal arteries. 
Anteroposterior (C), lateral (D), and axial (E) maximum intensity 
projections of integrated MRA images made from five dynamic MRA 
images and zoomed selective integrated MRA image similar to DSA 
projection (F) show a protrusion of the residual aneurysm into the 
coil mass (arrowheads) and a signal loss in the stent edges (arrows). 
In the findings of 4D mUTE-MRA, both observers assigned residual 
aneurysm for aneurysm occlusion status and grade 2 for flow in the 
stent
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are several differences between our study and previ-
ous studies, e.g., aneurysm location (anterior and pos-
terior circulation vs anterior circulation), stent types 
and number, acquisition type of UTE-MRA sequence 
(4D vs 3D), spatial and temporal resolution of MRA 
techniques, and a grading scale to evaluate aneurysm 
occlusion status (a 3-point scale vs a 2-point scale).

Our study demonstrated that the visualization of flow 
in the stents on 4D mUTE-MRA images depended on 
the cell design and the number of the stent. 4D mUTE-
MRA showed good to excellent visualization of f low 
in the stents, especially for cases treated with a single 
or open-cell stent. Several previous studies have shown 
the efficacy of 3D UTE-MRA techniques (e.g., silent 
MRA, PETRA MRA) for evaluating flow in the stents 
after SACE [10–13, 20]. In addition, MRA signal loss 
due to the stent has been reported, and the cause of the 
signal loss is believed to be related to the material of 

the stent, the design of the stent cell, the thickness of 
the strut, and the diameter of the stent [10, 11, 21–25]. 
Neuroform Atlas is an opened-cell design stent with 
stainless steel and platinum makers [23, 26], whereas 
Enterprise 2VRD is a closed-cell design stent with 
tantalum markers [9, 27]. LVIS Jr. is also a closed-
cell design self-expandable nitinol single-wire braided 
stent with higher metal coverage [28, 29]. Recent stud-
ies on 3D UTE-MRA reported that the closed-cell stent 
design and higher stent strut thickness might have more 
influence on stent-induced MRA signal loss [13, 21]. 
These results with TOF-MRA, contrast-enhanced MRA, 
and 3D UTE-MRA are consistent with those of our 4D 
mUTE-MRA study. Although these results using 3D 
UTE-MRA are in line with our results using 4D mUTE-
MRA, their MRA sequences did not provide hemody-
namic information of the embolized aneurysm and the 
adjacent and distal arteries.

Fig. 5   A 63-year-old woman treated with stent-assisted coil embo-
lization of the left internal carotid-posterior communicating artery 
aneurysm with a single LVIS Jr. stent. A Left anteroposterior oblique 
projections of digital subtraction angiography (DSA) images of the 
left internal carotid artery with a temporal resolution of 333 ms show 
residual flow in the aneurysm sac (arrowheads). Flow in the stent 
could not be evaluated on this view, but there was excellent flow 
without stenosis in the stent on another view (not shown). Arrows 
indicate the stent edges. B Left anteroposterior oblique maximum 
intensity projections of 4D mUTE-MRA images with a temporal 
resolution of 200 ms reveal a larger residual lumen in the coil mass 
(arrowheads) compared to DSA. The size and signal of the residual 

lumen of the aneurysm are changed on 4D mUTE-MRA images. The 
4D mUTE-MRA images show a good flow signal in the stent, and 
antegrade flow from the parent artery stented to the distal arteries. 
Arrows indicate the stent edges. Anteroposterior (C), lateral (D), and 
axial (E) maximum intensity projections of integrated MRA images 
made from five dynamic MRA images and zoomed selective inte-
grated MRA image similar to DSA projection (F) also demonstrate 
an obvious residual aneurysm (arrowheads). Zoomed selective inte-
grated MRA image (F) show a slight signal loss in the stented area 
(arrows). In the findings of 4D mUTE-MRA, both observers assigned 
residual aneurysm for aneurysm occlusion status and grade 3 for flow 
in the stent
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Our retrospective study revealed that in six of eight 
(75%) cases with a residual aneurysm on 4D mUTE-
MRA, the volume of the residual lumen was judged to 
be larger for 4D mUTE-MRA than DSA (Fig. 5). In one 
case, an aneurysm classified as a residual neck on DSA 
was scaled as a residual aneurysm on 4D mUTE-MRA 
(Fig. 4). Additionally, the size and signal of the residual 
lumen of the aneurysm varied sequentially from early 
to late in the arterial phase on 4D mUTE-MRA images, 
which information was not obtained by DSA (Fig. 5). 
Previous studies for evaluating intracranial aneurysms 
treated with coil embolization also reported larger rem-
nants on 3-T Time-of-flight MRA, contrast enhanced-
MRA, or Silent MRA than on DSA [19, 30]. Agid et al 
[31] reported contrast-enhanced MRA was superior to 
DSA for evaluation of residual aneurysm treated with 
coil embolization. In addition, they found a “helmet” 
style remnant with protrusion of the residual aneurysm 
into the coil mass. Shankar et al [32] also showed a case 
with helmet-type remnant on contrast enhanced-MRA 
in a patient with intracranial aneurysm after coil embo-
lization. Takano et al [10] demonstrated three cases of 
a remnant with protrusion of the residual aneurysm into 
the coil mass on Silent MRA. This difference in the 
visualization of remnants is caused by a lack of X-ray 
penetration of the coil mass itself on DSA [10, 31]. Our 
results also suggest that 4D mUTE-MRA may be more 
useful for assessing remnants of aneurysms treated with 
SACE than DSA. The information on 4D mUTE-MRA 
images not available with DSA may be helpful for pre-
dicting aneurysm recurrence and for embolization strate-
gies. Further studies are required to clarify the clinical 
value of 4D mUTE-MRA.

Additionally, 4D mUTE-MRA could provide hemody-
namic information about antegrade flow from the parent 
artery stented to the distal arteries similar to DSA. Previ-
ous studies reported 1.2–2.5% of in-stent stenosis after 
SACE [2, 33]. Although there were no cases of in-stent 
stenosis in our study, 4D mUTE-MRA might be used 
to assess in-stent stenosis and delayed flow in the distal 
arteries.

The current study had several limitations. First, this was 
a single-center study with a relatively small number of 
patients. However, the results warrant further multicenter 
studies to investigate the clinical value of 4D mUTE-MRA 
in assessing intracranial aneurysms with SACE. Second, 
we did not compare 4D mUTE-MRA with 3D UTE-
MRA because of the limited MRI examination time of 
the patients. Further studies comparing 4D mUTE-MRA 
with 3D UTE-MRA may be needed to clarify the clinical 
value of 4D mUTE-MRA.

In conclusion, the findings of the interobserver 
agreement on 4D mUTE-MRA and the intermodality Ta
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agreement between 4D mUTE-MRA and DSA were 
excellent for aneurysmal occlusion status after SACE. 
4D mUTE-MRA showed good to excellent visualiza-
tion of flow in the stents, especially for cases treated 
with a single or open-cell stent. Thus, 4D mUTE-MRA 
helps evaluate intracranial aneurysms treated with SACE 
without the use of contrast agents, although the scan-
ning time is 9 min. Because 4D mUTE-MRA provides 
higher spatial and temporal resolution and hemodynamic 
information which are not obtained with 3D UTE-MRA, 
we recommend this technique for non-invasive follow-up 
monitoring of intracranial aneurysms treated with SACE.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00330-​023-​09755-1.
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