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BACKGROUND AND PURPOSE: Our aim was to compare contrast-enhanced MR angiography (CE-MRA)
and 3D time-of-flight (TOF) MRA at 3T for follow-up of coiled cerebral aneurysms.

MATERIALS AND METHODS: Fifty-two patients treated with Guglielmi detachable coils for 54 cerebral
aneurysms were evaluated at 3T MRA. 3D TOF MRA (TR/TE � 23/3.5; SENSE factor � 2.5) and
CE-MRA by using a 3D ultrafast gradient-echo sequence (TR/TE � 5.9/1.8; SENSE factor � 3)
enhanced with 0.1-mmol/kg gadobenate dimeglumine were performed in the same session. Source
images, 3D maximum intensity projection, 3D shaded surface display, and/or 3D volume-rendered
reconstructions were evaluated in terms of aneurysm occlusion/patency and artifact presence.

RESULTS: In terms of clinical classification, the 2 MRA sequences were equivalent for 53 of the 54
treated aneurysms: 21 were considered fully occluded, whereas 16 were considered to have a residual
neck and 16 were considered residually patent at follow-up MRA. The remaining aneurysm appeared
fully occluded at TOF MRA but had a residual patent neck at CE-MRA. Visualization of residual
aneurysm patency was significantly (P � .001) better with CE-MRA compared with TOF MRA for 10
(31.3%) of the 32 treated aneurysms considered residually patent with both sequences. Coil artifacts
were present in 5 cases at TOF MRA but in none at CE-MRA. No relationship was apparent between
the visualization of patency and either the size of the aneurysm or the interval between embolization
and follow-up.

CONCLUSION: At follow-up MRA at 3T, unenhanced TOF and CE-MRA sequences are similarly
effective at classifying coiled aneurysms as occluded or residually patent. However, CE-MRA is
superior to TOF MRA for visualization of residual patency and is associated with fewer artifacts.

Regular imaging follow-up of patients with intracranial an-
eurysms treated with Guglielmi detachable coils (GDCs) is

necessary because of the risk of aneurysm reconfiguration (ie,
coil compaction and/or growth of a residual aneurysm neck or
body remnant) with time.1-4 Of the techniques available for
monitoring the results of embolization therapy, MR angiog-
raphy (MRA) has emerged as the technique of choice at most
institutions. Advantages over conventional digital subtraction
angiography (DSA) include minimal invasiveness with no as-
sociated risk of neurologic complications, reduced patient dis-
comfort and inconvenience, greater cost savings, and no ex-
posure to ionizing radiation or potentially nephrotoxic
iodinated contrast media. An alternative minimally invasive
procedure is CT angiography (CTA). However, whereas this
technique has proved useful for aneurysm detection,5-9 limi-
tations to its use for follow-up of coiled aneurysms include
streak and other coil-related artifacts.10-12 Moreover, CTA also
requires exposure to ionizing radiation and iodinated contrast
media, which may be undesirable if repeat follow-up exami-
nations are required.

Studies performed to date have shown that nonenhanced
3D time-of-flight (TOF) MRA sequences on 1.5T scanners are
frequently satisfactory for the follow-up of coiled aneu-
rysms1-20 but that 3D TOF MRA on 3T scanners offers im-

proved depiction of both treated21 and untreated22 aneurysms
due to the greater spatial and contrast resolution achievable at
a higher magnetic field strength. Concerning the use of gado-
linium contrast material, some studies have suggested that
contrast-enhanced MRA (CE-MRA) provides no additional
benefit compared with nonenhanced 3D TOF MRA at either
1.5T15,20 or 3T,21 whereas other studies have shown that CE-
MRA permits better visualization of coiled aneurysms and of
branch arteries and residual neck, particularly in large or giant
aneurysms.14,22-26 Recently, Nael et al27 demonstrated that
CE-MRA with highly accelerated (�4) parallel acquisition at
3T provides comparable information to accelerated (�2) 3D
TOF MRA at 3T for the characterization of untreated intracra-
nial aneurysms without the known drawbacks of TOF MRA
techniques (ie, prolonged acquisition time, spin saturation,
and flow-related artifacts). On the other hand, Gibbs et al28

showed that with elliptic-centric imaging, 3D TOF MRA at 3T
is superior to CE-MRA at 3T in terms of both image quality
and detection of untreated intracranial aneurysms. Our study
was performed to evaluate CE-MRA with accelerated (�3)
parallel acquisition at 3T compared with accelerated (�2.5)
3D TOF MRA at 3T for the follow-up of GDC-treated intra-
cranial aneurysms. To the authors’ knowledge, this is the first
study to compare MRA sequences at 3T for follow-up of coiled
aneurysms.

Materials and Methods
The study was a prospective evaluation of patients with GDC-treated

intracranial aneurysms who were undergoing scheduled follow-up

MRA as part of routine clinical practice. The study was approved by

the local ethics review board. Because the study was conducted as part
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of routine practice and no additional invasive imaging was per-

formed, written informed consent from evaluated patients was not

required. Nevertheless, all patients were informed of the study, of its

objectives, and of the potential clinical benefit the findings might

reveal.

MR Imaging
MRA at 3T was performed on an Intera Scanner (Philips Medical

Systems, Best, the Netherlands) by using a sensitivity-encoding

(SENSE) head coil. Unenhanced 3D TOF MRA and CE-MRA were

performed during the same imaging session in each patient. In all

cases, 3D TOF MRA was performed first, followed by 3D CE-MRA.

3D TOF MRA was performed with TR � 23, TE � 3.5, FOV � 240,

matrix � 240, and SENSE factor � 2.5. Data were acquired with a

voxel size of 1 � 1 � 1 mm, and images were reconstructed with a

voxel size of 0.5 � 0.5 � 1 mm through in-plane zero-filling interpo-

lation. A total of 180 sections were obtained. The overall time for

acquisition was 5 minutes 40 seconds. CE-MRA at 3T was performed

by using a 3D section-interleaved gradient-echo sequence (TR � 5.9,

TE � 1.8, flip angle � 40°, FOV � 220, matrix � 512, SENSE factor �

3) with 50% of overlap between sections. Data were acquired with a

voxel size of 0.72 � 0.72 � 0.8 mm, and images were reconstructed

with a voxel size of 0.43 � 0.43 � 0.4 mm through in-plane zero-

filling interpolation. A total of 75 sections were acquired, and the

overall time for acquisition was 24 seconds. CE-MRA images were

acquired after administration of gadobenate dimeglumine (Multi-

Hance; Bracco Imaging SpA, Milan, Italy) at a dose of 0.1 mmol/kg

(0.2 mL/kg) bodyweight. Gadobenate dimeglumine was administered

to all patients through an antecubital vein at a rate of 2 mL/s by using

an MR imaging– compatible power injector (Spectris; MedRad, Indi-

anola, Pa). All contrast administrations were followed by a 20-mL

flush of 0.9% saline injected at the same rate of 2 mL/s.

Image Evaluation
The aim of the study was to compare 3D TOF MRA and CE-MRA at

3T for follow-up of cerebral aneurysms treated with GDCs. Image sets

for each sequence and each patient comprised source images and 3D

maximum-intensity-projection (MIP) reconstructions, 3D volume-

rendered (VR) reconstructions, and 3D shaded surface display (SSD)

reconstructions targeted on the vessel of interest. 3D TOF MRA and

CE-MRA image sets were evaluated separately and independently in

fully randomized order by 2 highly experienced readers in consensus.

Treated aneurysms on each MRA image set were classified as de-

scribed by Roy et al29 as occluded or as demonstrating residual pa-

tency (type I aneurysm with residual neck or type II residual

aneurysm).

Image sets were compared initially for differences in the visualiza-

tion of embolization outcome (ie, occlusion versus residual neck ver-

sus residual aneurysm) and thereafter for the quality of visualization

of residual patency. If treated aneurysms demonstrated residual pa-

tency on one or more image sets, the quality of visualization achieved

by each sequence was graded by using a 3-point scale from �1 (se-

quence 1 better) through 0 (sequences equal) to �1 (sequence 2 bet-

ter). A given MRA sequence was considered superior to the other on

the basis of the quality of visualization of residual patency even if the

clinical classification remained unchanged. Qualitative parameters

taken into account in ascribing superiority included conspicuity of

residual patency, size of residual patency, and contrast enhancement

achieved. Artifactual signal-intensity loss in the region of the aneu-

rysm was noted if present, but no cases were evaluated in which as-

sessment of residual aneurysm patency was precluded by artifactual

signal-intensity loss on either TOF MRA or CE-MRA. Superiority was

only designated for tangible differences for which improved visual-

ization might have clinical relevance.

Statistical Analysis
Comparison of the quality of the visualization of residual patency was

performed by using the Wilcoxon signed rank test with a P value �

.005 considered statistically significant.

Results
Fifty-two patients (34 women, 18 men; mean age, 57.4 � 9.8
years; range, 40 –78 years) with a total of 54 cerebral aneu-
rysms were evaluated. The interval between the follow-up
MRA examination and the initial embolization was �6
months in 16 patients, between 6 months and 1 year in 7 pa-
tients, between 1 and 2 years in 12 patients, and �2 years in 17
patients. Thirty-five aneurysms were located in the internal
carotid artery or carotid siphon; 11 were located in the ante-
rior communicating artery; 7, in the vertebrobasilar system;
and 1, in the middle cerebral artery. The 54 evaluated aneu-
rysms were considered small (�10 mm) in 43 cases (6.8 � 1.8
mm), large (�10 mm, �25 mm) in 10 cases (14.4 � 2.9 mm),
and giant (�25 mm) in 1 case (26 mm).

Of the 54 treated aneurysms evaluated, 53 were classified
equally with both sequences: 21 aneurysms were considered
fully occluded, 16 were considered to have a residual neck, and
16 were considered residually patent with both sequences. A
difference between TOF MRA and CE-MRA regarding the
clinical classification of treated aneurysms was noted for just
1/54 (1.9%) aneurysms; this giant (26 mm) aneurysm was
located at the apex of the right carotid siphon and appeared
fully occluded on TOF MRA but with a residual neck on CE-
MRA (Fig 1).

The visualization of residual patency was considered better
after CE-MRA (on both MIP reconstructions and source im-
ages) compared with TOF MRA for the giant aneurysm and
for 10 (6 small, 4 large; 31.3%) of the 32 treated aneurysms that
demonstrated residual patency on both MRA sequences (Ta-
ble). Conversely, visualization of residual patency was not su-
perior on TOF MRA for any of the aneurysms. The number of
aneurysms for which patency visualization was superior with
CE-MRA was highly statistically significant (P � .001). Eight
of these 10 aneurysms were located in the carotid system (5
small aneurysms, 3 large aneurysms) (Fig 2) with an additional
1 each in the anterior communicating artery (small) (Fig 3)
and middle cerebral artery (large). In 8 (50%) cases, improved
visualization on CE-MRA was noted for aneurysms consid-
ered residually patent (type II) (Fig 4), whereas in the remain-
ing 2 (12.5%) cases (both small aneurysms), the better visual-
ization was for treated aneurysms considered to have only a
residual neck (Type I). Just 1 incompletely occluded aneurysm
in the posterior communicating artery demonstrated a branch
vessel arising from the sac. This was equally visible on both
TOF and CE-MRA images.

There was no apparent time-related aspect to the visualiza-
tion of residual patency. The 32 treated aneurysms considered
residually patent or with residual neck on both MRA se-
quences comprised 7 in 7 patients undergoing follow-up MRA
within 6 months of embolization, 7 in 7 patients undergoing
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follow-up MRA between 6 months and 1 year after emboliza-
tion, and an additional 18 in 16 patients undergoing follow-up
MRA at 1 year or more after embolization. Conversely, the
aneurysms considered fully occluded on both sequences com-
prised 7 in 7 patients undergoing follow-up MRA within 6
months of embolization and 14 in 14 patients undergoing fol-
low-up MRA at 1 year or more after embolization. The giant
aneurysm that appeared occluded on TOF MRA but residually
patent on CE-MRA was present in a patient who underwent
follow-up imaging at 21 months after the embolization
procedure.

A partial lack of signal intensity on TOF MRA image sets at
the aneurysm site involving the parent artery or an adjacent
vessel, which did not preclude evaluation of aneurysm pa-
tency, was noted for 5 small aneurysms (in 4 aneurysms in the
left anterior communicating artery and in 1 at the right carotid
siphon at the origin of the posterior communicating artery)
and the single giant aneurysm (Fig 1D). These signal-intensity

losses were not noted on the corresponding CE-MRA image
sets and were considered primarily a result of saturation or
susceptibility effects.

Discussion
Advantages of MR imaging with parallel imaging on higher
magnetic field strength scanners lie in the greater spatial and
temporal resolution achievable.30-32 The greater spatial reso-
lution on 3D TOF MRA at 3T has been shown to permit im-
proved image quality and better visualization of small cerebral
arteries33 and better depiction of cerebrovascular disease, par-
ticularly intracranial aneurysms,22,33 compared with 3D TOF
MRA at 1.5T. A similar benefit for 3D TOF MRA at 3T has
been shown for the follow-up of intracranial aneurysms after
embolization with GDCs.21 In this earlier study, Majoie et al21

also acquired TOF MRA images at 3T after injection of con-
trast material (0.1-mmol/kg gadopentetate dimeglumine) but
showed no additional benefit in terms of visualization of re-
sidual aneurysm remnants.

In contrast to the findings of Majoie et al,21 our results
suggest that image quality and the visualization of residual
aneurysm patency on follow-up MRA at 3T can be improved
still further if contrast enhancement is used with dedicated
CE-MRA sequences in conjunction with parallel imaging.
Specifically, significantly (P � .001) improved depiction of
residual patency was observed on 3D CE-MRA in our study
for 10/32 (31.3%) treated aneurysms that demonstrated resid-
ual patency also on 3D TOF MRA at 3T, whereas 1 giant an-

Fig 1. A, A large extra-axial lesion and hemorrhagic component indicative of a giant thrombosed aneurysm is apparent in the basal ganglia on the coronal T1-weighted MR image. B,
Selective DSA of the right internal carotid artery before treatment reveals a patent portion of the giant thrombosed aneurysm. C, Selective DSA after embolization reveals complete occlusion
of the aneurysm and a patent internal carotid artery– external carotid artery bypass. D, Follow-up 3D TOF MRA with MIP reconstruction performed at 1 year after treatment is inconclusive
because of artifact related to the methemoglobin component of the thrombosed aneurysm. Additionally, flow-related signal intensity loss in the A1 segment of the anterior cerebral artery
is apparent. E, Conversely, follow-up CE-MRA with MIP reconstruction demonstrates both the patent internal carotid artery– external carotid artery bypass and the presence of a small (type
I) remnant at the neck of the treated aneurysm.

Comparison of TOF MRA with CE-MRA for visualization of residual
aneurysm patency by the size of the treated aneurysm

Aneurysm
Size

TOF MRA
Better

Sequences
Equal

CE-MRA
Better

Small (n � 43) 0 37 6
Large (n � 10) 0 6 4
Giant (n � 1) 0 0 1
Total (n � 54) 0 43 11

Note:—TOF MRA indicates time-of-flight MR angiography; CE-MRA, contrast enhanced
MR angiography.
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eurysm that appeared fully occluded on 3D TOF MRA at 3T
was determined to have a residually patent neck at 3D CE-
MRA at 3T. Notably, there was no case in which 3D TOF MRA
at 3T was superior to 3D CE-MRA at 3T. Concerning the sin-
gle giant aneurysm, the failure to demonstrate a residual neck
on 3D TOF MRA was likely due to saturation effects, though
flow-related signal intensity loss and methemoglobin T1
shinethrough effects cannot be excluded. The potential for
spin saturation and signal-intensity loss associated with 3D
TOF MRA sequences has been noted elsewhere as a potential
drawback to follow-up imaging of giant aneurysms.34 A simi-
lar loss of signal intensity on 3D TOF MRA image sets but not
on 3D CE-MRA image sets was noted for 5 more aneurysms in
addition to the solitary giant aneurysm and was considered
primarily due to magnetic susceptibility effects as well as sat-
uration effects arising from the location of these aneurysms.
Each of these 5 aneurysms was small; this finding is consistent
with that of other studies.35

Susceptibility effects are inherent in all metallic coil masses
and may potentially obscure small neck remnants and adja-
cent structures, often resulting in a loss of signal intensity that
is larger than the aneurysm itself. Potentially, the susceptibility
effects at 3T are greater than those at 1.5T, despite the fact that
the smaller voxel sizes achievable at 3T compared with 1.5T
would tend to mitigate against greater susceptibility. In this
regard, we recently showed no relevant differences in suscep-

tibility for 3D TOF MRA acquisitions at 3T compared with
1.5T.36 Another form of artifact inherent in the TOF MRA
sequences is methemoglobin or “T1-shinethrough” effects re-
sulting from subacute or chronic thrombus. Although methe-
moglobin effects can, in rare cases, obscure the hyperintensity
of residual flow within the relevant vessels, the hyperintensity
deriving from the thrombus is usually markedly less than that
of the residually patent vessel or aneurysm.

Whereas susceptibility effects are a potential complication
of unenhanced TOF sequences, theoretically, it is conceivable
that residual hyperintensity in the neck of aneurysms on CE-
MRA could be due to enhancing thrombus. However, this was
not considered to be the case for any aneurysm in our series
and, to our knowledge, has not yet been demonstrated or re-
ported for similar patient series.

On the basis of aneurysm size alone, visualization of resid-
ual patency and branch arteries may be easier in the case of
large or giant aneurysms than in the case of small aneurysms,
particularly if the latter are located in anatomically unfavor-
able locations such as in the region of the anterior and poste-
rior communicating arteries and basilar artery19 or near the
skull base where vessel overlap may interfere with evaluation
of adjacent arterial vessels.14 In our study, depiction of aneu-
rysm patency with both MRA sequences was noted for 11/12
large aneurysms compared with 21/41 small aneurysms. The
remaining large aneurysm and 20/41 small aneurysms were

Fig 2. A, Selective DSA of the right internal carotid artery before treatment reveals a giant carotid-ophthalmic aneurysm. B, Selective DSA after embolization demonstrates complete
occlusion of the aneurysm but with slightly reduced coil compaction near the neck. C and D, Follow-up 3D TOF MRA source image (C) and MIP reconstruction (D) obtained at 8 months
after treatment reveal residual patency, but clear definition of the (type 2) remnant is compromised by saturation and methemoglobin artifact. E and F, Clearer depiction of the residual
aneurysm is achieved on CE-MRA source images (E) and MIP reconstruction (F).
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considered fully occluded with both sequences. Notably, bet-
ter definition of residual patency with CE-MRA was noted for
8 (50%) of 16 aneurysms considered type II for residual pa-
tency (ie, residual aneurysm) on both MRA sequences com-
pared with only 2 (12.5%) of 16 aneurysms considered type I
for residual patency (ie, residual neck).

A benefit of MR imaging at 3T compared with 1.5T is an
increased baseline signal intensity-to-noise ratio (SNR) and
hence improved vessel tissue contrast. However, the gain in
signal intensity at 3T is largely offset by a loss of SNR when
parallel image acquisition techniques are applied.27,32,37 A
standard means of maintaining adequate vessel tissue contrast

Fig 3. A, Selective DSA of the left internal carotid artery before treatment reveals a small aneurysm (arrow) of the anterior communicating artery. B, This aneurysm (arrow) appears
completely occluded at follow-up DSA performed after embolization. C and D, Follow-up 3D TOF MRA source image (C) and MIP reconstruction (D) obtained at 3 months after treatment
reveal high-signal-intensity inhomogeneities (arrow) in the region of the aneurysm neck but do not clearly demonstrate an aneurysm remnant. E and F, CE-MRA source image (E) and MIP
reconstruction (F) clearly reveal the presence of a small (type 2) remnant.

Fig 4. A, Follow-up DSA at 8 months after embolization of a large basilar artery aneurysm reveals only partial occlusion. B, 3D TOF MRA with MIP reconstruction (B) fails to show the
(type 2) remnant entirely, due to flow effects that also compromise visualization of the left posterior cerebral artery. C and D, CE-MRA with MIP (C) and VR (D) reconstruction show both
the artery and the residual aneurysm sac

.
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with parallel imaging techniques combined with dedicated
CE-MRA sequences is to increase the SNR through the use of
increased doses of gadolinium contrast material. Thus, Nael et
al27 administered a gadodiamide dose of 0.15 mmol/kg of
bodyweight in their study, whereas Gibbs et al28 administered
25 mL of gadoteridol, which corresponds to a total dose of
approximately 0.15 mmol/kg of bodyweight for a person
weighing 80 kg. In our study, an acceleration (SENSE) factor
of �3 was applied to the 3D CE-MRA acquisition. However,
rather than use an increased dose of conventional gadolinium
contrast agent, the potential loss of SNR was offset by the use
of a standard 0.1-mmol/kg of bodyweight dose of gadobenate
dimeglumine, a gadolinium agent with increased R1 relaxivity
in blood38,39 due to transient interaction with serum
albumin.40,41

Numerous studies have demonstrated improved vascu-
lar imaging performance with gadobenate dimeglumine at
a dose of 0.1 mmol/kg bodyweight compared with conven-
tional gadolinium agents at equivalent or higher doses.42-45

Although the use of gadolinium contrast agents does have
certain potential disadvantages compared with unen-
hanced sequences (eg, cost, increased patient discomfort,
complications of intravenous injections, and rare compli-
cations such as anaphylactoid reactions and nephrogenic
systemic fibrosis), the possibility of obtaining greater qual-
itative information over that available on TOF MRA may
nevertheless be of interest, particularly if the contrast agent
used has proved advantages for vascular imaging and can be
used at a reduced overall dose.

A possible limitation of our study is that no attempt was
made to correlate findings on MRA at 3T with results from
DSA. Numerous studies13,14,16,18-26 as well as our own experi-
ence36 have shown that MRA is a satisfactory noninvasive al-
ternative to DSA for follow-up of aneurysms treated with
GDCs, and as a result, DSA is no longer routinely performed at
our center for this application.

Recently, the authors of a comprehensive review on the use
of MRA for follow-up of coiled aneurysms stated that in their
experience “3D TOF MRA without contrast is generally accu-
rate and closely correlates with the findings of contrast-en-
hanced techniques” but that “in several cases contrast en-
hancement aided the visualization of small remnants and
uncovered a larger neck remnant or filling of the coil pack that
was not anticipated on the noncontrast MRA technique.”12

On the basis of their experience, they routinely perform CE-
MRA along with 3D TOF MRA for the evaluation of coiled
aneurysms. Our findings at 3T concur with this conclusion in
showing that 3D CE-MRA at 3T is significantly better than 3D
TOF MRA at 3T for the follow-up of coiled intracranial
aneurysms.

Conclusion
At follow-up MRA at 3T unenhanced TOF and CE-MRA
sequences are similarly effective at classifying coiled aneu-
rysms as occluded or residually patent. However, CE-MRA
is superior to TOF MRA for visualization of residual pa-
tency and is associated with fewer artifacts. Thus CE-MRA
could be appropriate to better depict residual aneurysm
patency even at 3T.
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