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BACKGROUND AND PURPOSE: For intracranial aneurysms treated with Guglielmi detach-
able coils, long-term follow-up is mandatory because coil compaction may occur and aneurysms
may recur. The purpose of this study was to establish a noninvasive technique to visualize
residual flow in coiled aneurysms.

METHODS: We designed a 3D time-of-flight (3D-TOF) MR angiography (MRA) technique
targeted to depict coiled aneurysms that employed a very short TE (1.54–1.60 ms) and a high
spatial resolution (0.3 � 0.3 � 0.3 mm3 with zero-filling) to diminish spin dephasing. To
diminish spin saturation, image volume was carefully positioned so that the neck of the targeted
aneurysm was within 2 cm of the inflow portion along the stream of blood. Fifty-one MRA
images of 39 coiled aneurysms in 39 patients were compared with digital subtraction angiog-
raphy (DSA) images. DSA and MRA findings were interpolated retrospectively for parent and
branch arteries’ patency, as well as residual flow in aneurysms. In the latest 11 MR studies, a
dark-blood 3D turbo spin-echo sequence was added to MRA to negate the effect high-signal-
intensity thrombus.

RESULTS: MRA visualized all parent and branch arteries with DSA confirmation. MRA
visualized residual flow more frequently (38 studies) than did DSA (25 studies). Residual flow
space visualized with MRA was always similar to or larger than that with DSA. The dark-blood
sequence completely suppressed intraluminal high signal intensity on MRA images and con-
firmed that the high signal intensity was not due to thrombus.

CONCLUSION: TOF MRA targeted to depict coiled intracranial aneurysms is noninvasive
and superior to DSA in visualization of residual flow and, hence, useful for follow-up of coiled
aneurysms.

Endovascular treatment of intracranial aneurysms
with Guglielmi detachable coils has become widely
performed worldwide as a less invasive alternative to
surgical clip placement. The outcome 1 year after
treatment of ruptured aneurysms was better with en-
dovascular coil placement than with neurosurgical
clip placement, but the issue of long-term efficacy has
not been resolved (1). It is generally agreed that
long-term angiogaphic follow-up monitoring is man-

datory for coiled aneurysms, because coil compaction
may occur and aneurysms may recur (2, 3).

As a follow-up technique, digital subtraction an-
giography (DSA), the current standard technique, is
invasive and carries some risks of cerebrovascular
accident. On the other hand, MR angiography
(MRA) is safe and noninvasive. At present, however,
MRA without (4, 5) or with (6) use of contrast ma-
terial is less sensitive to residual flow than is DSA.

Spin dephasing and saturation are two severe lim-
itations in 3D time-of-flight (3D-TOF) MRA. Dimi-
nution of signal intensity loss due to dephasing will be
resolved most effectively with implementation of very
short TE (7). Recent development of technology per-
mitted us to use a much shorter TE with a sufficient
spatial resolution. We considered that the second
problem—the saturation of inflowing spins causing
progressive signal intensity loss toward outflow por-
tions of the imaged volume—will be resolved if an
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aneurysm is placed near the inflow portion of the
imaged volume.

Methods
From February 2002 to October 2003, we performed MRA

of coiled intracranial aneurysms for long-term follow-up or as
a baseline for follow-up after coil placement in patients who
gave informed consent. MRA as a baseline was scheduled in an
early period after coil placement and in a period around fol-
low-up DSA in the chronic phase. Seventy patients with 70
coiled aneurysms uneventfully and successfully underwent 98
MRA studies. Included in this study were MRA images ob-
tained within 3 days after coil placement (early phase, n � 24),
and MRA within 7 days of follow-up DSA 5–41 (9 � 7) months
after coil placement (chronic phase, n � 27). Consequently, 51
MRA studies of 39 coiled aneurysms (two ruptured) of 39
patients were compared with the corresponding DSA studies.
The mean age � SD of the patients was 59 years � 9; nine
patients were male. Aneurysms were located in internal carotid
artery (n � 27), anterior cerebral artery (n � 1), basilar artery
(n � 10), and vertebral artery (n � 1). Maximum aneurysmal
diameter ranged from 3 to 22 mm (7.1 mm � 3.7).

MRA was performed by radiologists (N.Y., M.H.) by using
a standard head coil on a clinical machine operating at 1.5 T
with a high-performance gradient coil (Magnetom Sonata; Sie-
mens, Erlangen, Germany). We designed an MRA sequence
targeted to coiled aneurysms by using a noncontrast 3D-TOF
MRA technique. To diminish the spin saturation, imaged vol-
ume was carefully positioned so that the neck of the targeted
aneurysm was within 2 cm of the inflow portion along the
stream of blood. Positioning was done with multiple sagittal
scout images of 2D-TOF MRA. To diminish the spin dephas-
ing, a very short TE (1.54–1.60 ms) with a high spatial resolu-
tion (voxel size: 0.3 � 0.3 � 0.3 mm with zero-filling) was
employed. Other imaging variables were TR, 35 ms; flip-angle,
25°; in-plane matrix, 256 (512 with zero-filling); field of view, 15
cm; partition, 120 with zero-filling; and the acquisition time, 11
minutes. Flow compensation and variable flip-angle excitation
techniques were not employed.

MRA was processed with maximum intensity projection
(MIP) closely targeted to a coiled aneurysm. MIP was recon-
structed in many orientations around at least two axes. In the
best MIP projection, in which residual flow was most widely
visualized, depth and width of the neck remnant were mea-
sured by using a caliper. Source and multiplanar reconstruction

(MPR) images were used to observe location of residual flow in
aneurysms.

DSA was performed by neurosurgeons (K.H., K.M.) by
using a standard biplane angiographic system with rotational
3D-DSA. For determination of residual flow, DSA images
were obtained in anteroposterior, lateral, and the working
views (oblique view is optimal for neck observation). The work-
ing view was determined on the basis of preoperative exami-
nation that included 3D-DSA findings.

DSA and MRA were interpreted for patency of the parent
artery and branch artery adjacent to the coiled aneurysms, as
well as for presence of residual flow in coiled aneurysms.
Residual flow was categorized as neck remnant (flow at the
neck or around the coil mesh that is continuous from the neck),
body filling (flow in the coil mesh), and complete obliteration.

In the last 11 of 51 MR studies, dark-blood imaging was
added to the MRA sequences by using the 3D turbo spin-echo
technique with spatial presaturation to suppress inflowing
spins. Spatial resolution was the same as that of MRA (voxel
size, 0.3 � 0.3 � 0.3 mm with zero-filling). Other imaging
parameters were TR, 700 ms; TE, 12 ms; partition, 24; and
acquisition time, 9 minutes. Imaged volume was placed at the
neck of aneurysms.

DSA findings were interpreted from a hardcopy by a neu-
rosurgeon (K.H.) who was blinded to MRA findings. MRA was
interpreted on a console of the MR system by a radiologist
(N.Y.) who was unaware of DSA interpretation. In MRA
interpretation, DSA was used to observe the preoperative lo-
cation of aneurysm and shape of parent and branch arteries.
Both interpreters assessed all aneurysms with residual flow to
compare the extent of residual flow shown by MRA versus that
shown by DSA; findings were determined by means of consen-
sus. Statistical analysis was done by an author (N.Y.).

FIG 1. A thin-neck remnant invisible with initial DSA.
A, Oblique DSA image at the end of coil placement shows no flow in the aneurysm at left internal carotid artery (complete obliteration).
B and C, MRA images 3 days after coil placement. Closely targeted MIP to the aneurysm in a projection similar to that of the DSA

(B) and MRA source image (C) show a neck remnant that is thin and relatively deep (arrows).

Correlation between MRA and DSA findings

MRA

TotalCO RF

DSA
co 13 13 (1) 26 (1)
rf 0 25 (1) 25 (1)
Total 13 38 (2) 51 (2)

Note.—co, complete obliteration; rf, residual flow (includes neck
remnant and body filling). Numbers in parentheses indicates body
filling.
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Results

MRA showed all 25 residual flows (24 neck rem-
nants and one body filling) that were visualized with
DSA. In addition, MRA showed 13 residual flows (12
neck remnants and one body filling) in 26 complete

obliterations seen with DSA (Table). The McNemar
test that is a �2 test for paired sample revealed sig-
nificant difference between MRA and DSA (P �
.0009). Thin-neck remnants had a tendency to be
invisible with DSA (Fig 1). Width of neck remnants

FIG 2. A thick-neck remnant visualized
with follow-up DSA images obtained 8
months after initial images.

A, DSA image shows a neck remnant.
B and C, Closely targeted MIP (B) and

source image (C) of MRA show a neck
remnant (arrows) that is thick and larger
than that visualized with DSA.

D, Black-blood image obtained by us-
ing 3D turbo spin-echo shows no signal
intensity in the aneurysm (arrow) and
arteries.

FIG 3. Signal intensity void in parent artery and susceptibility artifact immediately after coil placement.
A, DSA shows an aneurysm at basilar artery–superior cerebellar artery bifurcation at the end of coil placement. Neck remnant

(arrowhead) and protrusion of a coil into the basilar artery (arrow) are observed.
B, Targeted MIP of MRA image obtained 3 days after coil placement shows neck remnant more clearly than does DSA image

(arrowhead). Signal intensity loss in the basilar artery (arrow) is due to coil protrusion. Signal intensity loss in left posterior cerebral artery
(asterisk) is due to susceptibility artifact of the clip in another aneurysm at the left internal carotid–posterior communicating artery
bifurcation.
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on MRA images was 1.7 mm � 0.7 in the 12 neck
remnants invisible with DSA, which was significantly
smaller than the width (3.1 mm � 0.9) in the 23 DSA
visible remnants (P � .006, two-tailed Mann-Whitney
U test). On the other hand, depth of neck remnants
showed no significant difference between DSA invis-
ible neck remnants (1.7 mm � 1.4) and visible neck
remnants (2.0 mm � 1.0). Residual flow space visu-
alized with MRA was always similar to or larger than
that with DSA (Figs 1–3).

The dark-blood sequence completely suppressed
high signal intensity on MRA images (Fig 2) for all 11
MR studies, which included seven studies with resid-
ual flow (four early phase, three chronic phase). It
was confirmed that high signal intensity on MRA
images was due to inflow spin, not thrombus.

MRA successfully depicted all parent and adjacent
arteries of coiled aneurysms. Localized signal inten-
sity loss in the parent artery that mimicked stenosis
was observed in four aneurysms in which DSA
showed coil protrusion into the parent artery (Fig 3).

Discussion
On the basis of the results of this study, we have

replaced DSA with MRA for long-term follow-up of
coiled aneurysms. As compared with previous studies,
we used a shorter TE and a higher spatial resolution
to diminish spin dephasing. In addition, we made use
of inflow phenomena to enhance blood signal. Inflow-
ing spin is the most powerful enhancer of blood sig-
nal, because it has full magnetization if the observa-
tion point is placed close to the inflow portion,
whereas gadolinium recovers magnetization only par-
tially with a short TR. Owing to the opacity of coils in
the setting of conventional radiographs and the lim-
ited number of DSA projections, DSA was less sen-
sitive to residual flow than was MRA, particularly in
thin remnants.

3D-DSA was not used for evaluation of residual flow,
because it is artificial and the boundary between coil
mass and residual flow is unclear. We have several years
of experience with 3D-DSA and recently stopped using
it to treat coiled aneurysms; however, if we refer to
source images of 3D-DSA, visibility of residual flow by
DSA might improve the results of this study.

Acute and subacute thrombus or hematoma may
have high signal intensity on T1-weighted images (8).
Because TOF MRA is a T1-weighted imaging tech-
nique for static tissue, thrombus or hematoma can have
high signal intensity. In the series of Derdeyn et al (5),
artifact and hemorrhage mimicked residual flow in two
of 18 MR studies. Brunereau et al (4), however, did not
observe this artifact in their 27 MR studies. We also did
not observe high signal intensity that was likely to be
thrombus or artifact. If a high-signal-intensity thrombus
is suspected on the basis of MRA findings, we can use
the dark-blood sequence to confirm it or rule it out.
Although the number of coiled aneurysms confirmed
not to have high-signal-intensity thrombus is small in
this study group (n � 11), we continue to accumulate
data. Through the end of November 2003, more than 30

MRA studies were performed with dark-blood imaging,
and no thrombus with high signal intensity was observed
in coiled aneurysms.

The time needed to perform MRA is short: 20
minutes, including scout imaging and positioning of
MRA and 30 minutes if dark-blood imaging is added.
Processing of MRA (MIP or MPR) is simple and
available with most MR systems. Our MRA tech-
nique may be limited to high-end systems, because
very short TEs with high spatial resolution are avail-
able by using high-performance gradient coils.

There are a few minor limitations to MRA. If a
patient has another coiled aneurysm at a different
position, another MRA study is necessary, because
spin saturates as it travels a long distance in an im-
aged volume. MRA cannot depict the coils them-
selves and cannot determine whether an increase of
neck remnant is due to coil compaction or regrowth
of aneurysm. Coil compaction, however, can be esti-
mated by using conventional radiographs. Localized
signal intensity loss in the parent artery does not
indicate stenosis, because protrusion of the coils in-
duces turbulence and spin dephasing. Aneurysms ad-
jacent to surgical clips may not be estimated by MRA
findings owing to the susceptibility artifact (spin
dephasing due to magnetic field inhomogeneity).

Conclusion
We presented a TOF MRA technique targeted to

coiled intracranial aneurysms with a very short TE, high
spatial resolution, and positioning of aneurysm neck
close to inflow portion. MRA is noninvasive and supe-
rior to DSA in visualization of residual flow in aneu-
rysms, and therefore, is useful for follow-up of coiled
aneurysms. Long-term follow-up by using MRA is un-
dergoing at our hospital and may provide a solution for
the issue of final outcome of coil embolization.
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