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Abstract Digital subtraction angiog-
raphy (DSA) is still considered the
gold standard for most applications in
neurovascular imaging. However,
with the ongoing development of
cross-sectional imaging modalities
DSA is increasingly being replaced by
less invasive methods. This contribu-
tion describes the diagnostic value and
the increasing potential of computed
tomography angiography (CTA) and
magnetic resonance angiography
(MRA) in the diagnosis and follow-up
of intracranial aneurysms. The main
role of CTA is in the diagnosis and
therapy planning of ruptured aneu-
rysms; in contrast, MRA plays an
increasingly important role in the

screening for asymptomatic aneu-
rysms (especially in cases of familial
subarachnoid hemorrhage) and in the
follow-up after endovascular therapy
with coils and/or intracranial stents.
Technical issues concerning examina-
tion technique are covered here as well
as an approach to advanced postpro-
cessing of the image data. Further-
more, a brief outlook on the impact of
new developments (MRA with paral-
lel imaging and at 3.0 T) is given.
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Introduction

With the ongoing advances in cross-sectional imaging the
noninvasive imaging of vascular disorders has reached
unprecedented quality. In computed tomography angiog-
raphy both the spatial and temporal resolution have been
greatly increased by the development of multidetector CTA
(MDCTA). Magnetic resonance angiography (MRA) has
been stimulated by faster gradient systems, parallel imag-
ing techniques, and increased static magnetic field.
Neurovascular imaging is particularly challenging due to
the small size of functionally relevant vascular structures
and due to the short arteriovenous transit time in the
cerebrovascular circulation, which may even be shortened
by neurovascular disorders such as arteriovenous mal-
formations. Therefore both high-spatial and high-temporal
resolution are required for diagnostic image quality. As this
combination of prerequisites is best achieved with intra-

arterial digital subtraction angiography (DSA), this method
is still considered the standard of reference for most
neurovascular imaging applications. However, with their
recent advances, cross-sectional imaging modalities con-
tinue to grow as a complement to or even replacement for
DSA in neurovascular imaging [1]. Paralleling the progress
of CT and MRI, advanced postprocessing algorithms such
as three-dimensional (3D) isosurface display and volume
rendering technique have developed from a sophisticated
toy to a working tool that is more readily available on
modern CT and MR consoles or on separate workstations
for clinical routine use. Given the complex 3D shape of
neurovascular structures it is now acknowledged that
appropriate postprocessing strategies improves the diag-
nostic performance of CT and MRI

This contribution illustrates the role of modern cross-
sectional imaging in the diagnosis and therapy planning of
intracranial aneurysms and their follow-up after therapy.
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Magnetic resonance angiography imaging techniques
Time-of-flight magnetic resonance angiography

3D time-of-flight (TOF) MRA is the MRI technique most
often used to depict intracranial arteries. The vessel contrast
in TOF MRA is based on the inflow effect: stationary tissue
is suppressed by repetitive radiofrequency pulses while
unsaturated protons entering the imaging volume with the
flowing blood yield high signal intensity. Relevant
limitations of 3D TOF MRA are signal loss in turbulent
flow and the high signal intensity of stationary tissues with
short T1 such as fat or subacute thrombus (methemoglo-
bin). Furthermore, signal loss especially in small distal
vessels may occur due to spin saturation. Saturation effects
may be reduced by a technique called “multiple over-
lapping thin slab acquisition” and by the variable flip-angle
excitation technique termed “tilted optimized nonsaturating
excitation” [2]. In addition, magnetization transfer contrast
may be applied to improve small-vessel depiction [3, 4],
alone or in combination with intravenous administration of
Gd-DTPA [5, 6].

As a more recent alternative to fat suppression, spectral-
spatial water excitation may be used to suppress high signal
caused by fat [7, 8]. In intracranial vessels water excitation
allows better background suppression than conventional
(i.e., magnetization transfer contrast saturated) 3D TOF
acquisitions especially in the orbits and at the periphery [6].
However, one must be aware that water excitation may
produce artifacts mimicking stenosis or occlusion of the
carotid artery [9].

Phase-contrast magnetic resonance angiography

Phase-contrast (PC) MRA is another flow-dependent
imaging technique which is, however, only rarely used
for depiction of intracranial arteries [10]. 3D PC MRA is
very time consuming because four acquisitions are required
to encode flow in all directions. With respect to the de-
tection of intracranial aneurysms 3D PC MRA is sig-
nificantly inferior to 3D TOF MRA [11, 12]. Therefore 3D
PC MRA is not discussed further here.

Contrast-enhanced magnetic resonance angiography

Contrast-enhanced (ce) MRA during the first-pass of a
contrast bolus continues to be developed as a complemen-
tary technique to study the intracranial vasculature. Unlike
3D TOF MRA, it requires a gradient system with high slew
rates for ultrafast acquisitions and additional tools for the
proper timing of the scan with respect to the bolus arrival
[13]. Due to the short arteriovenous transition time in the
cerebral circulation, early enhancement of venous struc-
tures limits the time window for scan acquisition, and a

trade-off is therefore necessary between scan time, volume
coverage and spatial resolution [14]. Subtraction of an
unenhanced data set from the contrast enhanced data set
may be performed to suppress residual high signal of
nonvascular structures [15].

Parallel imaging

Parallel acquisition techniques (PAT) have recently been
developed and are now being increasingly used for vascular
imaging. PAT uses multichannel coil arrays to shorten the
measurement time by reducing the number of phase en-
coding steps. The spatial information is instead extracted
from the sensitivity profiles of the coil elements. Numerous
image acquisition algorithms have been described, including
SENSE (sensitivity encoding), SMASH (simultaneous ac-
quisition of spatial harmonics), and GRAPPA (generalized
autocalibrating partially parallel acquisitions) [16—18].

In intracranial 3D TOF imaging PAT with an eight-
channel phased-array head coil has been used to save 43%
of measurement time while maintaining the same image
quality [6]. However, it must be kept in mind that using
PAT reduces the signal-to-noise ratio (SNR) by approxi-
mately the square root of the acceleration factor [19]. The
inherently high SNR of contrast enhanced MRI makes PAT
particularly suited for ccMRA.

In arterial ceMRA PAT can be used to accelerate the
acquisition (and hence avoid venous contamination), to
increase spatial resolution and/or volume coverage, or to
combine the two [19].

Intracranial magnetic resonance angiography at 3.0 T

Recent studies have evaluated the advantages of higher
magnetic field strength (3.0 T). It has been demonstrated that
vessel-to-background contrast is superior with 3.0 T to that
with 1.5 T [20]. The increased SNR obtained with TOF
MRA at 3.0 T makes it possible to increase the spatial
resolution; using a high-resolution 3D TOF MRA protocol at
3.0 T with a voxel size of 0.30%0.44x1.00 mm, the image
quality and the depiction of small vessel segments have been
found superior to standard resolution at 1.5 and 3.0 T [21].

Computed tomography angiography imaging
technique

The introduction of MDCTA has helped overcome some
inherent limitations of single-slice CTA for the diagnosis of
intracranial aneurysms because it allows faster imaging of
larger volumes with increased spatial resolution. In single-
slice CTA the limited acquisition volume in z-direction has
been a notorious cause of missing aneurysms (e.g., perical-
losal aneurysms cephalad or posterior inferior cerebellar
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artery aneurysms caudad to the scan volume) [22, 23].
Furthermore, given the short arteriovenous transition time of
only a few seconds, aneurysms within the cavernous sinus or
close to other venous structures may be obscured by venous
enhancement. In contrast, with MDCTA and precise timing
of the contrast bolus, arterial and venous structures become
distinguishable owing to their different attenuation during
the short acquisition phase for the entire imaging volume.
This holds particularly true for 16-row MDCTA with a
typical scan duration of 5 s for the intracranial arteries.

At our institution we use 16-row MDCTA (Siemens
Somatom Sensation 16) with a collimation of 16x0.75 mm,
rotation time of 0.5 s, and table feed of 11.0 mm/rotation.
Images are reconstructed with a slice thickness of 1.0 mm
and an increment of 0.8 mm. For assessment of aneurysm
morphology the reconstruction kernel should not be too
soft because the aneurysm neck may appear too wide and
lobulations of an aneurysm may be obscured; we use a
slightly edge enhancing kernel (H45f).

A total volume of 50 ml (for 16-row MDCTA) of an
iodine-based contrast medium (300 mg iodine/ml) is injected
at a flow rate of 4 ml/s, followed by a chaser bolus of 20 ml
NaCl0.9%. Bolus arrival is observed with a monitoring scan
at the level of C4, and spiral scanning is started manually
with a delay of 2 s as soon as the contrast bolus arrives in the
carotid arteries.

Screening for unruptured aneurysms

The estimated prevalence of intracranial aneurysms in
Western countries is 2.3% as calculated from a meta-analysis
based on more than 56,000 patients. With the development
and increasing distribution of MRA aneurysms are being
detected more frequently as asymptomatic incidental find-
ings [24]. However, the annual rate of bleeding from
incidental aneurysms is very low. Depending on the size of
the aneurysm 5-year cumulative rupture rates between 2.6%
(7-12 mm diameter) and 50% (>25 mm diameter) have been
calculated [25]. To assess the potential benefit of screening
for unruptured aneurysms the risk from aneurysmal rupture
must be compared with the risk of therapy. The procedural
morbidity and mortality of endovascular aneurysm treatment
are 3.7% and 1%, respectively [26]. Although this risk is
considerably lower than the risk of neurosurgical clipping
with a morbidity and mortality of 10.9% and 2.6% [27], the
relationship between rupture risk and risk of aneurysm
treatment does not justify a systematic screening for
asymptomatic aneurysms in healthy individuals.

On the other hand, familial clustering of aneurysms is
observed in approx. 10% of patients with subarachnoid
hemorrhage (SAH) [28, 29]. Aneurysms in so-called
familial SAH (defined as two or more first-degree relatives
known to have SAH or unruptured aneurysms) tend to
rupture earlier in life and at smaller size [30]. Therefore a
repeated screening for aneurysms in this patient group has

been recommended [31-33]. The benefit of repeated
screening for aneurysms in familial SAH has been
confirmed [34]. In this study MRA was performed in
patients without prior therapy of aneurysms while CTA was
used if neurosurgical clipping had been applied in the past.
The authors reported a high yield of repeated screening.
However, the period during which screening should be
repeated is not yet certain. A period of 5 years appears to be
too long in some cases to detect all new familial aneurysms
[34]. Concerning the modality to be chosen for familial
screening, the high examination frequency required to
detect all de novo aneurysms favors MRA over CTA
except in patient after neurosurgical clipping. The use of
MRA is also supported by the fact that there is no signif-
icant difference in the diagnostic performance between
MRA and CTA [35].

Aneurysm detection with intracranial magnetic
resonance angiography

The detection rates for intracranial aneurysm using MRA
vary with aneurysm size. A study using 3D TOF MRA with a
matrix size of 512x256 reported an aneurysm diameter of
5 mm as the critical size for detection [11]. More recent
studies have been shown 3D TOF MRA to identify aneu-
rysms larger than 3 mm with a sensitivity between 74% and
98% [36-38]. Comparing ceMRA and 3D TOF MRA in a
series of 23 aneurysms, a sensitivity of 100% has been
reported for cceMRA compared to 96% for 3D TOF MRA;
however, this difference was not statistically significant [12].
Therefore it has been concluded that the detection rates for
intracranial aneurysms do not differ significantly between
ceMRA and 3D TOF MRA [10].

When assessing the diagnostic value of MRA for
intracranial aneurysm screening, one must keep in mind
that the size dependence of the detection sensitivity
constitutes an important limitation. Although the risk of
aneurysmal rupture increases with aneurysm size, even
very small aneurysms (2 mm or less) may rupture [37], and
if they do so, they even have a tendency to provoke larger
bleedings [39].

On the other hand, DSA as the gold standard for aneu-
rysm detection is not an alternative to noninvasive screening
with MRA, owing to its invasiveness; therefore it remains
desirable that the ongoing technical progress of MRA will
translate into a higher sensitivity in the detection of small
aneurysms. It may be expected that the SNR with MRA at
3.0 T can improve the sensitivity to detect small aneurysms,
and TOF MRA at 3.0 T has been confirmed as superior to a
1.5-T TOF technique for characterizing intracranial aneu-
rysms [40]. A comparison of TOF MRA and ceMRA at
3.0 T reported that TOF MRA provided better image quality
and a higher sensitivity for aneurysm detection [41].

At our institution we use a standard 3D TOF technique
with tilted optimized nonsaturating excitation, magnetiza-
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tion transfer contrast saturation, and water excitation at
1.5 T with TR/TE=40 ms/4.97 ms and a flip angle of 25°
(Siemens Magnetom Sonata). Three or four overlapping
thin-slabs are acquired with an effective voxel size of
0.9%0.4x1.0 mm. To distinguish between flow related
hyperintensity and hyperintensity of structures with short
T1 (e.g., methemoglobin in a thrombus) it may be helpful
to acquire an additional data set with arterial presaturation.
Remaining bright signal can then be identified as non-flow-
related, and the arterially presaturated data set can be
subtracted from the original data set with bright vascular
signal. In the subtracted data set all remaining hyperinten-
sity is flow related (Fig. 1).

Therapy planning of intracranial aneurysms
with magnetic resonance angiography

In addition to the detection of intracranial aneurysms,
MRA has also been used to characterize aneurysm mor-
phology with the intention to assess the suitability for coil
embolization. TOF MRA has been found to be inferior to
DSA in the pretreatment assessment of intracranial aneu-
rysms, but it can provide complementary information to

Fig. 1 Diagnostic value of 3D
TOF MRA with arterial satura-
tion subtraction. Large fusiform
dissecting aneurysm of the
basilar artery. a, b Axial source
image of 3D TOF MRA, with
venous saturation (a) and arte-
rial saturation (b). Crescent-
shaped hyperintensity in the
dorsolateral aspect of the aneu-
rysm which persists with arterial
saturation, consistent with intra-
mural thrombus. ¢ VRT display
of a subtracted data set (3D TOF
with venous saturation minus
3D TOF with arterial saturation
to eliminate the high signal of
the thrombus) demonstrates the
impression of the lumen by the
thrombus and makes it possible
to appreciate the three-dimen-
sional shape of the perfused
lumen. d DSA of the aneurysm

DSA [42]. In a different study, however, Atlas et al. [43]
reported that TOF MRA is inadequate for the characteriza-
tion of aneurysms. These findings are consistent with our
own experience. To our opinion, the main limitation of
TOF MRA in the assessment of aneurysm morphology is
the fact that high signal represents flow rather than the real
boundaries of the aneurysm. At TOF MRA slow flow
within the aneurysm may escape detection and provide
false impression of aneurysm morphology; furthermore,
signal inhomogenieties due, for example, to spin dephasing
may lead to an imprecise depiction of the aneurysm neck.
We therefore do not rely on TOF MRA alone for therapy
planning but perform an additional ceMRA if an aneurysm
is detected at TOF MRA (Fig. 2).

For intracranial ceMRA we use a 3D fast low-angle shot
sequence with TR/TE=3.68/1.37 ms. Eighty partitions
0.8 mm thick are acquired within 21 s with an effective
voxel size of 0.9x0.7x0.8 mm. The standard head coil is
used in combination with a neck coil and the segment coils
in the patient table. The field of view is chosen to cover the
upper part of the aortic arch up to the circle of Willis. A
bolus of 20 ml Gd-DTPA is administered at a flow rate of
2 ml/s, followed by a saline flush with the same volume and
flow rate. Bolus timing is achieved with a coronal single
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Fig. 2 Incidental aneurysm in
the supraophthalmic segment of
the right inferior cerebellar ar-
tery. a, b Parasagittal thin-slab
MIP of 3D TOF MRA (a) and
contrast-enhanced MRA (b),
both with identical slab thickness
(50 mm) and projection angle.
Note that both the aneurysm
lumen and the neck are depicted
more sharply in ceMRA. ¢ The
VRT display of the ceMRA data
set provides depth information
about the topographic relation-
ship between the aneurysm and
adjacent vessels. Based on the
results of MRA it was antici-
pated that the aneurysm could be
treated with coil embolization.

d DSA performed immediately
before successful coil emboliza-
tion confirms the findings of
MRA

thick-slice (40 mm) monitoring scan. The 3D acquisition is
started manually as soon as the contrast bolus is seen to
start entering the intracranial carotid arteries. Due to centric
k-space filling the contrast-sensitive central parts of the k-
space are filled during the first seconds of the acquisition.

Precontrast images are obtained for image subtraction to
obtain a better suppression of nonvascular background
signal. A transverse orientation is chosen for better spatial
coverage of the intracranial arteries as compared to the
coronal orientation. A disadvantage of the transverse orien-
tation is given by the fact that the high inflow signal of the
carotid and vertebral arteries in the precontrast images leads
to signal loss in the subtracted images. Therefore unsub-
tracted postcontrast images must be analyzed in addition to
the subtracted images.

Postprocessing

Maximum intensity projection (MIP) is the postprocessing
algorithm most widely used for the display of MRA data
sets. MIP is a projection technique in which only the
brightest voxels of a volume are collected and used to create
an image [44]. It is important to note that postprocessing
with MIP entails a reduction in image information to about
10% of the full source images [45]. A further limitation of
MIP is that it is not per se a 3D technique but a projection of a
3D data volume into a two-dimensional plane. This means

that MIP images do not contain any depth information, and
the relationship of aneurysms to their parent vessels and
other adjacent vascular structures cannot be directly ex-
tracted from MIP images. It has therefore been criticized that
despite these known limitations, most MRA studies dealing
with detection of intracranial aneurysms have relied on MIP
postprocessing of the image data [42].

Numerous studies have emphasized the diagnostic value
of advanced surface-based postprocessing techniques such
as an isosurface algorithm [42] or a multifeature-extraction,
ray-tracing algorithm [43]. It has been reported that volume
rendering provides more reliable detection and better
characterization of aneurysms than MIP postprocessing
[46]. However, despite all modern postprocessing tech-
niques it is still essential to refer to the axial source images
in addition, because only these images contain the full
information and are not subject to artifacts introduced by
the respective postprocessing technique [47].

For standardized postprocessing and for a first inspection
we obtain MIP of the entire data set in angulated projections
(11 images in sagittal to coronal to sagittal orientation and 7
in transverse to coronal orientation). In addition, an inter-
active analysis of the data set is performed, including
inspection of the source images and angulated thin-slab MIP
in appropriate projections to inspect typical aneurysm
locations. To obtain true 3D images a direct volume-ren-
dering of the data set with interactive real-time rotation is
carried out on a separate workstation. Positive findings are
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documented and stored in representative projections.
Furthermore, axial source images of positive findings are
stored.

Diagnosis and treatment planning in ruptured
aneurysms

In acutely ruptured aneurysms, the role of imaging is (a) to
demonstrate the presence, extent and distribution of
hemorrhage, (b) to identify the source of bleeding (i.e.,
the ruptured aneurysm), (c) to provide a pre-treatment
assessment of the detected aneurysm with the intention to
decide whether coil embolization or neurosurgical clipping
is the preferred therapy, and (d) to rule out additional
unruptured aneurysms [48]. The latter aspect is important
because patients with more than one intracranial aneurysm
carry an increased risk of aneurysmal rupture after SAH
from the first aneurysm ranging from 0.5% to 2.4% per
year [49].

In the emergency setting of acute subarachnoid hemor-
rhage CT is the imaging modality of first choice in most
institutions because MRI and MRA is often impractical in
severely affected patients [50]. Unenhanced cranial CT to
demonstrate subarachnoid hemorrhage may be combined
with intracranial CTA in the same session. Therefore MRA
has only rarely been reported in the management of acutely
ruptured aneurysms [42, 51]. In contrast, many studies
have demonstrated the value of CTA and raise the question
to the extent to which CTA might replace DSA in the
workup of intracranial aneurysms. Being an invasive
diagnostic procedure, DSA carries an additional risk of
morbidity and mortality both by the procedure itself [52,
53] and by the fact that effective treatment may be delayed,
especially if diagnostic DSA and occlusion of the
aneurysm are performed at different institutions.

Aneurysm detection with computed tomography
angiography

Since the first reports on intracranial CTA using single-
slice CTA [54-60,] this noninvasive technique has been
playing an increasingly important role in SAH. A system-
atic review calculated a diagnostic accuracy of 89% per
aneurysm for CTA using single-slice technique [61].
Another meta-analysis with weighted calculations for the
number of patients in each study reported a weighted
sensitivity and specificity of 92.7% and 77.2% [23].
Detection rates vary with aneurysm size [61, 62]. A study
using four-row MDCTA, a reader-dependent sensitivity of
81-90% was observed with a specificity of 93%; all
aneurysms that were missed in this study were identified
retrospectively after correlation with DSA [63]. In our own
series of 81 patients examined with 4- and 16-row MDCTA
the overall sensitivity for aneurysm detection was 96%;

even small aneurysms with a diameter of 3 mm or less were
recognized with a sensitivity of 85% (Fig. 3).

Treatment planning

Concerning presurgical therapy planning for intracranial
aneurysms numerous studies have emphasized the value of
CTA [64-67], and several groups rely on CTA as the sole
preoperative imaging modality prior to neurosururgical
clipping of intracranial aneurysms. Concerning the planning
of endovascular treatment 26 aneurysms were considered
suitable for endovascular coil embolization on single-slice
CTA in a study of 123 patients, but DSA demonstrated
contraindications in 5 patients [66]. The appropriate diam-
eter of the first detachable coil was correctly chosen in six of
seven patients based on CTA measurements [68].

In our own experience with 74 potentially ruptured
aneurysms examined by 16-row MDCTA 47 aneurysm were
correctly classified as suitable for coil embolization and 22
correctly identified as not suitable for coil embolization,
resulting in a positive predictive value (PPV) of 96% and a
negative predictive value (NPV) of 88%. This assessment
was based on the estimation of neck width in relation to
aneurysm size and on the presence of vessels originating
from the aneurysm with a risk of occlusion by the coils; an
aneurysm was defined as suited for coil embolization if coils
could be placed in the aneurysm without supportive tech-
niques such as balloon remodeling or stent placement. Based
on this experience we rely on MDCTA results to decide
whether an aneurysm is suited for coil embolization without
additional diagnostic DSA (Fig. 4). This is particularly
important in patients referred to us from other institutions.
However, it is important in such cases that the source images
are available for own postprocessing.

Postprocessing

Asin MRA, the diagnostic quality of CTA is also affected by
postprocessing [50]. The MIP algorithm is also frequently
used for the display of CT angiographic data. However, in
CTA the MIP algorithm is limited by the higher density of
bone than the opacified vessels. This means that whenever a
vessel and bone are situated on the same projection beam, the
vessel is masked by the bone. It has therefore been concluded
that postprocessed images should always be compared
carefully with the axial source images [47]. Given the nearly
isotropic nature of MDCTA data sets monitoring of the axial
source images can be supplemented by interactive multi-
planar reformats in order to detect aneurysms at locations
that are not well depicted in the axial plane.

At our institution the axial source images are inspected
first. Each vascular segment is then inspected interactively
using thin-slice (1 mm) multiplanar reformats and thin-slab
MIP (5—-8 mm) using the 3D tool of the workstation. This
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Fig. 3 Small intracranial aneu-
rysm, directed medially from the
paraophthalmic portion of the
right inferior cerebellar artery.

a CTA (para-axial MIP, slab
thickness 10 mm). b ceMRA
(para-axial MIP, slab thickness
10 mm). Despite the small size
both CTA and ceMRA demon-
strate the aneurysm which is
only barely visible with DSA (c)

analysis includes inspection of the data in the axial
orientation and in two more orientations that are chosen
parallel and orthogonal to the main course of the respective
vascular segment. For the picture archiving and commu-
nication system thin-slab MIPs are created (8§ mm slab
thickness with 3 mm increment) in axial, sagittal, and
paracoronal orientation (parallel to the clivus). Represen-
tative volume rendering technique (VRT) and MIP images
of positive findings with appropriate slab thickness and
orientation are stored in addition. The axial source images
are also stored in a CD archive for future reference.

As it has been demonstrated for MRA that VRT provides
better visualization of intracranial aneurysms than does the
MIP algorithm [46], we routinely use interactive VRT
display in addition. To identify possible working projec-
tions prior to endovascular therapy of an aneurysm the data
set is rotated interactively so that the aneurysm and the
parent vessel become visible in one plane without super-
imposing vascular structures. The VRT preset is then
changed to a transparent bone display. This image is stored
and sent to the angio suite, where it is used to position the
C-arm to the same projection angle (Fig. 4). Given the
variety of postprocessing algorithms described above, it
has been correctly reported that there are as yet no
standardized and reproducible methods for 3D visualiza-

tion available, and it is emphasized that studies performed
so far evaluate specific systems, and the results depend on
the experience of individual users [45].

Follow-up after therapy of intracranial aneurysms

Although there are no general recommendations on time
periods, frequency, or imaging methods, it is widely
accepted that patients who undergo treatment of an intra-
cranial aneurysm require follow-up by neurovascular imag-
ing [69-73]. This is based on the fact that: (a) de novo
aneurysms may develop after successful treatment of the
initial aneurysm and (b) complete occlusion of the aneurysm
needs to be verified and might not be permanent (e.g., due to
aneurysm regrowth or reperfusion). For follow-up of
intracranial aneurysms after therapy the choice of the
adequate imaging modality is influenced and limited by
the applied form of treatment. Following neurosurgical
clipping, MRA is impossible due to susceptibility artifacts
caused by the clip material. On the other hand, following
endovascular coiling the high radiodensity of platinum coils
precludes useful CTA examinations owing to the severe
beam hardening artifacts.
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Fig. 4 Therapy planning for an
aneurysm of the anterior com-
municating artery with
MDCTA. a MDCTA with VRT
display of the aneurysm show-
ing the size of the aneurysm, its
neck, and its relationship to the
parent vessels. Based on
MDCTA, the decision to per-
form endovascular treatment
was made. With interactive ro-
tation of the volume rendered
CTA data set, an adequate
working projection for the sub-
sequent endovascular therapy
has been identified. b Using this
projection angle, the MDCTA
data set is presented as a pro-
jectionlike image by changing
the VRT density transfer func-
tion. This image is presented in
the angio suite and is used to
adjust the C-arm to the same
working projection under
fluoroscopic control. ¢ DSA
before coil embolization and

d after coil embolization of the
aneurysm

Follow-up after neurosurgical clipping

Most studies concerning follow-up of neurosurgically
clipped aneurysms have used DSA for imaging [69, 70,
74]. After a mean follow-up period of 9 years regrowth of a
clipped aneurysm was found to have occurred in 2.9%,
whereas de novo aneurysms had formed in 8.0% [70]. To
our knowledge, there are no generally accepted recom-
mendations on the follow-up of clipped aneurysms. In most
cases the decision to verify the success of surgery by means
of imaging is therefore made on an individual basis, based
on such factors as the confidence of the neurosurgeon in
correct clip positioning and anatomical difficulty.

MRA is not an alternative to DSA for the follow-up of
clipped intracranial aneurysms; although vascular clips
made of titanium or titanium alloy are MRI-safe even at
3.0 T [75], their susceptibility artifacts with signal voids
surrounding the clip interfere with MRA [76, 77]. Therefore
CTA is the only less invasive imaging modality that might
replace DSA. It has been claimed that CTA may be used for
postoperative evaluation of aneurysms especially when
titanium clips were used [76—78]. On the other hand, it has
been demonstrated that beam hardening artifacts may mimic
occlusion of nearby vessel even with MDCTA, and it has
been concluded that MDCTA is of little value for the follow-
up of clipped aneurysms in most cases [45]. However, CTA

with a tilted head positioning has been proposed to avoid
interference of beam hardening artifacts with adjacent
vessels of interest [79]. To our limited own experience,
CTA after clipping of intracranial aneurysms is sometimes
helpful if the beam hardening artifacts do not interfere with
the display of vessels adjacent to the clip (Fig. 5). We think
that the preliminary results are promising enough to warrant
further studies.

Follow-up after coil embolization

Embolization of intracranial aneurysms via the endovascular
route was first described in 1991 [80, 81]. Within a decade
endovascular coiling had gained widespread acceptance as
an alternative to neurosurgical clipping. Short-term results of
endovascular clipping have now been demonstrated to be
superior to neurosurgical clipping in aneurysms in which
both kinds of treatment are therapeutic options [82]. How-
ever, recanalization occurs in approx. 20% of coiled aneu-
rysms especially after incomplete coiling [83], due either to
aneurysm regrowth or to compaction of the coil package
with an associated risk of rebleeding [26]. Therefore angiog-
raphic follow-up has been found mandatory after aneurysm
embolization [83], and it has been recommended to perform
DSA 3 months, 1 year, and 3 years after treatment [84]. Due
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Fig. 5 Sixteen-row MDCTA
before (a) and immediately after
(b) neurosurgical clipping of a
trifurcation aneurysm of the
right MCA. ¢, d In thin-slab
(10 mm) MIP (¢) and in the
axial source images (d) the
titanium clip produces only
minor beam hardening artifacts.
Even the patency of vessels in
the vicinity of the clip can

be assessed

Cc

to the invasiveness of DSA with a 1% major complication
risk and a 0.5% rate of persistent neurological deficit [53],
MRA has been studied as an alternative for follow-up of
coiled intracranial aneurysms.

Three-dimensional time-of-flight magnetic resonance
angiography

Platinum coils are MRI safe [85] and have been found to
produce only minor artifacts even at 3.0 T [86]. Derdeyn et
al. [87] correctly identified the patency of the parent artery
with a sensitivity of 96%; residual flow in the aneurysms
was detected with a sensitivity and specificity of 71% and
89%, respectively. Brunereau et al. [88] reported a
sensitivity of 83% and a specificity of 100% to diagnose
residual flow within the aneurysmal neck with 3D TOF
MRA. The high sensitivity of 3D TOF MRA in the
detection of aneurysmal recurrence has been confirmed in
further studies [89-92].

Comparisons of MRA and DSA have emphasized that
flow within the coil package may be depicted even better
with MRA than with DSA [90]. Compared to 3D DSA, a
sensitivity of 72.7% and a specificity 90.9% has been
reported for the diagnosis of residual or recurrent aneurysm
[93]. A recent study even claimed targeted 3D TOF MRA
with ultrafast TE to be superior to DSA in the detection of
residual flow in the aneurysm [94].

False-negative findings at 3D TOF MRA may be caused
by slow flow in the aneurysm leading to saturation [87],
turbulent flow creating intravoxel dephasing [88], or mag-
netic susceptibility artifacts of the coil package creating a
signal void [93, 95]. False-positive results were related to the
presence of high-signal rim artifacts around the coil package
[87] or intra- or extraluminal blood clot interpreted as flow at
MRA [85]. Coil-induced signal voids may furthermore
present as pseudoencroachment of arteries adjacent to the
coil package [89]. It has been reported that the depiction of
vessels adjacent to the coil package can be improved with
MRA using ultra-short TE [96]; however, later study did not
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confirm an improvement in image quality using a similar
ultra-fast technique [90]. The additional use of contrast
material in 3D TOF imaging does not improve visualization
of residual aneurysms except in large aneurysms where
compartments with slow flow may be better visualized after
contrast administration [90, 92].

Despite these limitations most authors agree that after
primary concurrent demonstration of equal results with 3D
TOF MRA and DSA, MRA is suited for further follow-up
of coiled aneurysms [89-91, 94]. With respect to the
follow-up scheme proposed by Cognard et al. [84], it has
been proposed to replace the 3 months follow-up study by
MRA and perform both DSA and MRA after 1 year. If
equal results are demonstrated, the future follow-up can
then be based on MRA [91, 94].

Fig. 6 Reperfusion of an aneu-
rysm at the origin of the left
MCA following coil emboliza-
tion. a, b 3D TOF MRA (a) and
ceMRA (b) both displayed as
thin-slab MIP (4 mm). The
conspicuousness is higher, and
the demonstrated extent of re-
perfusion is larger with ceMRA.
¢, d VRT display of ceMRA (c¢)
and of rotational 3D DSA (d) in
a similar projection, demon-
strating two compartments of
reperfusion at the base and at the
dorsal circumference of the
coiled aneurysm. e, f DSA
before (e) and after (f) stent
placement and coil embolization
of the aneurysm remnant

Contrast enhanced first-pass magnetic resonance
angiography)

More recently the value of ceMRA for follow-up of coiled
aneurysms was examined, and in three incompletely
occluded aneurysms the visualization of residual perfusion
was better with ceMRA than with 3D TOF MRA [14].
These results were subsequently confirmed in a larger
series of 29 coiled aneurysms. The sensitivity and speci-
ficity in detecting residual aneurysm components was 81%
and 88% with ceMRA and 40% and 90% with 3D TOF
MRA [97]. In the 6-month follow-up of 48 intracranial
aneurysms with ceMRA sensitivity and specificity values
of 100% and 92% were found for the detection of a residual
neck or aneurysm [98].
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At our institution we use 3D TOF MRA and ceMRA to
compliment one another in the follow-up of aneurysms after
coil embolization. In direct comparison the conspicuousness
for residual aneurysms is higher with ceMRA, and their
extent is depicted more precisely (Fig. 6). On the other hand,
small parent vessels such as the posterior communicating
artery may be better delineated by 3D TOF than by ceMRA
due to the higher spatial resolution. Furthermore, ceMRA
sometimes suffers from venous contamination interfering
with identification of de novo aneurysms. However, careful
interpretation of axial or coronal source images of ceMRA

Fig. 7 Residual perfusion at
the base of a distal inferior
cerebellar artery aneurysm, status
following stent protected coil
embolization. a DSA demon-
strating the residual aneurysm
measuring approx. 2 mm. b, ¢
The residual lesion was followed
up with 3D TOF (b) and ceMRA
(¢); both examinations are dis-
played as thin-slab MIP with
identical slab thickness of

30 mm. The lesion is visible only
with ceMRA. d, e Also in the
axial source images, the lesion is
not identified in 3D TOF MRA
(d), whereas it is clearly depicted
in ceMRA (e)

may provide accurate information about the residual aneu-
rysm and its relations with adjacent vascular structures, even
in the case of venous contamination.

Follow-up after stenting, stent-protected coil
embolization, and embolization with onyx

The initial applications of stents in combination with coils
to treat intracranial aneurysms in humans were described in
1998 [99-102]. For stent-assisted coil embolization a stent
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is placed in the parent vessel so that it covers the orifice of
the aneurysm before a microcatheter is advanced into the
aneurysm through the stent struts. When filling the
aneurysm with coils, protrusion of the coils into the vessel
lumen may be prevented by the stent even in wide-necked
aneuryms. Stent placement alone without subsequent
coiling may also be a therapeutic option [103], especially
in dissecting and/or fusiform aneurysms. Metallic stents
originally developed for cardiological applications have
been used in these cases. More recently a self-expanding,
microcatheter-delivered nitinol stent dedicated to intracra-
nial use has been introduced and has been used in larger
series of intracranial aneurysms [104—106]. Another recent
endovascular technique for aneurysm treatment is embo-
lization with a liquid polymer (Onyx) which is dissolved in
dimethylsulfoxide. Onyx is used especially in wide-necked
large and giant aneurysms [107, 108], either in combina-
tion with a balloon remodeling technique or with additional
stent placement.

Concerning imaging follow-up after intravascular stent-
ing there is ongoing controversy regarding the role of MRA
[109]. In phantom studies using Gd-enhanced MRA the
depiction of the stent lumen ranged from good visualiza-
tion to complete signal void throughout the lumen,
depending on the stent type [109, 110]. Therefore when
using MRA for follow-up after stent implantation, one
must be aware of the MR properties of the particular stent
type used.

With particular reference to the first dedicated intracra-
nial self-expanding stent (Neuroform, Boston Scientific), it
has been stated that MRI with this stent is safe and feasible
even at 3 T [111]. Patients treated with this stent have been
followed up with 3D TOF MRA; no relevant stent-related
artifacts have been reported [105], and the patency of the
parent vessel and emerging branches has been assessable
[104, 106]. However, in our experience, small residual
aneurysms may escape detection with 3D TOF MRA
alone. Therefore we recommend adding ceMRA to 3D
TOF MRA in the follow-up after stent protected coil
embolization of cerebral aneurysms (Fig. 7). If stenting of a
fusiform aneurysm is performed without subsequent coil

deployment, CTA may be an alternative to demonstrate
stent patency or to identify stent thrombosis. Concerning
embolization with Onyx, it has been demonstrated that this
liquid embolic material does not interfere with MRA
except when combined with a stent, whereas severe beam
hardening artifacts occur with CT [112].

Conclusion

Due to the ongoing development of cross-sectional imag-
ing DSA as the gold standard for neurovascular imaging is
gradually replaced by MDCTA and MRA in the diagnosis
and follow-up of intracranial aneurysms. MDCTA is a
valuable tool for detection of intracranial aneurysms in the
acute setting of subarachnoid hemorrhage; the decision as
to whether an aneurysm is suited for coil embolization can
usually be based on MDCTA alone without an additional
diagnostic DSA. Furthermore, the 3D information of
MDCTA can be used to support endovascular treatment
planning by assessing aneurysm morphology, by the
relationship to the parent vessels, and by finding a suited
working projection. Concerning neurosurgical clipping, an
increasing number of neurosurgeons rely on CTA as the
sole preoperative imaging. The role of MDCTA for follow-
up after neurosurgical clipping remains to be defined;
follow-up after endovascular coil embolization is impos-
sible with MDCTA due to artifacts of the coil package.
3D TOF MRA is particularly suited for screening for
intracranial aneurysms due to its noninvasiveness and the
capability to reliably identify aneurysms larger than 3 mm.
Furthermore, it is frequently used for follow-up after coil
embolization and has a high diagnostic precision in
identifying aneurysmal remnants. Aneurysms that have
been treated with recent self-expanding microcatheter
delivered intracranial stents can also be examined with
3D TOF MRA. Contrast-enhanced MRA, if available,
should be used to complement 3D TOF MRA in the
follow-up of endovascularly treated aneurysms because
aneurysm remnants may be identified with higher sensi-
tivity, and their morphology is depicted more precisely.
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