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Intracranial vessel wall magnetic resonance (MR) imaging 
has gained much attention in the past decade and has 
become part of state-of-the-art MR imaging protocols to 
assist in diagnosing the cause of ischemic stroke. With 
intracranial vessel wall imaging, vessel wall characteris-
tics have tentatively been described for atherosclerosis, 
vasculitis, dissections, Moyamoya disease, and aneurysms. 
With the increasing demand and subsequently increased 
use of intracranial vessel wall imaging in clinical practice, 
radiologists should be aware of the choices in imaging pa-
rameters and how they affect image quality, the clinical 
indications, methods of assessment, and limitations in the 
interpretation of these images. In this How I do It article, 
the authors will discuss the technical requirements and 
considerations for vessel wall image acquisition in general, 
describe their own vessel wall imaging protocol at 3 T and 
7 T, show a step-by-step basic assessment of intracranial 
vessel wall imaging as performed at their institution–in-
cluding commonly encountered artifacts and pitfalls–and 
summarize the commonly reported imaging characteris-
tics of various intracranial vessel wall diseases for direct 
clinical applicability. Finally, future technical and clinical 
considerations for full implementation of intracranial ves-
sel wall imaging in clinical practice, including the need for 
histologic validation and acquisition time reduction, will 
be discussed.
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(VW) imaging over lumen-based methods
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affect the image quality and also the constraints in 
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n Categorize the imaging characteristics of several 
intracranial vascular diseases
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In this How I do It article, we de-
scribe the utility and practical steps for 
performing and interpreting intracra-
nial VW MR images. These practical 
steps are based on our teaching expe-
rience of intracranial VW imaging to 
radiologists and neuroradiologists who 
have started using this method in daily 
clinical practice. The key questions that 
are often raised during their learning 
curve will also be addressed in this ar-
ticle. Key steps and common VW path-
ologic conditions will be shown in illus-
trative figures of patient examples.

The Imaging Protocol–What Do We 
Need?

VW Imaging Sequence Prerequisites
For intracranial VW imaging, both a high 
contrast-to-noise ratio (CNR) and a high 
spatial resolution are needed to visualize 
the thin arterial VW and to characterize 
VW lesions (1,15–19). CNR in VW imag-
ing comprises signal contrast of the VW 
relative to its direct surroundings, that is, 
blood and cerebrospinal fluid (CSF). It 
is dependent on both sequence param-
eters and magnetic field strength, where 
CNR generally increases with increas-
ing field strength. The achievable spatial 
resolution is also dependent on the field 
strength, as well as on the acquisition 
time. Finally, the different image contrast 
weightings need to be considered when 
developing a VW imaging protocol (1).

to causing embolism and subsequent 
ischemic stroke–could be assessed by 
using different dedicated MR imaging 
sequences. However, increasing evi-
dence shows that not extracranial but 
intracranial atherosclerosis is the lead-
ing cause of ischemic stroke worldwide 
(3–6). In addition, intracranial athero-
sclerosis has been associated with an 
increased (recurrent) stroke risk and 
vascular dementia (4,7–9). This change 
of insight into causes of ischemic stroke 
has led to a trend toward imaging the 
intracranial vasculature.

Traditional imaging methods for 
visualizing the intracranial arteries in-
clude intra-arterial digital subtraction 
angiography (DSA), computed tomo-
graphic (CT) angiography, Doppler ul-
trasonography (US), and MR angiogra-
phy. DSA can depict stenotic lesions in 
large, as well as small arteries, including 
the A2 segment of the anterior cerebral 
artery, M2-M3 segments of the middle 
cerebral artery (MCA), P2 segment of 
the posterior cerebral artery, and even 
more peripheral segments of the intra-
cranial arteries. With unenhanced CT, 
arterial VW calcifications can be de-
tected that are associated with future 
stroke risk (10–13). CT angiography 
is an easily accessible and fast proce-
dure in patients with acute stroke and 
can depict stenotic lesions very accu-
rately in the more proximal intracranial 
arteries and its branches (14). Doppler 
US can depict the VW of primarily the 
MCA, thereby providing (single-artery 
restricted) information on VW disease. 
Finally contrast material–enhanced and 
time-of-flight MR angiography, like CT 
angiography, can depict stenotic le-
sions in proximal cerebral arteries, less 
quickly but without additional radiation 
dose compared with CT angiography. 
However, all of these techniques, except 
for Doppler US, have the disadvantage 
of only depicting the arterial lumen 
(including possible stenoses) and not 
the culprit VW itself. Intracranial VW 
imaging has two major advantages over 
DSA, CT angiography, and MR angiog-
raphy: it can depict nonstenotic lesions 
and it can further characterize stenotic 
lesions that have already been detected 
with common angiographic methods.
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Essentials

 n The main advantages of intracra-
nial vessel wall (VW) imaging 
over lumen-based methods are 
detection of nonstenotic lesions 
and further characterization of 
stenotic lesions that have already 
been detected with common an-
giographic methods.

 n For intracranial VW imaging, a 
minimum magnetic field strength 
of 3 T is necessary to obtain a 
sufficient contrast-to-noise ratio 
(CNR) and spatial resolution to 
visualize the thin arterial VW 
and to characterize VW lesions.

 n Radiologists should be acquainted 
with the clinical patient informa-
tion and the applied imaging pa-
rameters for an optimal image 
assessment.

 n Radiologists benefit from a sys-
tematic approach in VW 
assessment.

 n Difficulties in assessing VW 
images are (a) variances in wall 
thickness not related to VW 
disease; (b) close proximity of 
the VW to the brain parenchyma 
or enhancing cavernous venous 
plexus; (c) nonpathologic con-
trast-enhancing areas of the VW 
when crossing the dura mater; 
and (d) artifacts due to motion, 
sensitivity encoding fold-over, 
free induction decay, or slow 
flow.

 n Technical challenges include re-
ducing acquisition time to per-
form both pre- and postcontrast 
sequences without substantial 
decrease in signal-to-noise ratio 
and CNR and histopathologic 
validation of VW imaging.

In recent years, intracranial ves-
sel wall (VW) magnetic resonance 
(MR) imaging has seen an exponen-

tial increase in popularity and clinical 
applicability (1,2). Several years ago, 
VW imaging was restricted to extra-
cranial (peripheral) arteries, such as 
the carotid arteries, in which athero-
sclerotic “vulnerable plaques”–prone 
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larger lesions in the intracranial arteries 
proximal and just distal to the circle of 
Willis (M1, A1, P1 segments) and at 
the border of the M1-M2, A1-A2, and 
P1-P2 segments. The acquired in-plane 
spatial resolution of these sequences 
ranges between 0.4 3 0.4 mm2 and 0.9 
3 0.9 mm2 (1,18,28,31,35,40,41). For 
more distal arteries, however, detection 
reliability will decrease because the di-
ameter of these arteries and therefore 
lesions at the walls of these arteries 
become smaller, increasing the impact 
of partial volume effects (35), which 
needs to be taken into account when 
assessing the VWs in clinical practice 
(see “Systematic Approach of VW 
Assessment”).

Isotropic versus anisotropic 
voxels.—A related question is whether 
and/or when to use isotropic or aniso-
tropic voxels. Most experts in the field 
of VW imaging sequence development 
prefer sequences with isotropic voxels, 
which render multiplanar assessment 
more feasible. Compared with, for ex-
ample, the carotid artery, intracranial 
arteries are often tortuous and have 
varying orientations, making multipla-
nar reconstruction an important as-
set in assessment of these arteries. In 
anisotropic sequences, a very high in-
plane spatial resolution can be achieved 
within reasonable acquisition times, 
enabling detailed assessment of VW 
lesions and atherosclerotic plaque char-
acterization when the FOV is placed 
perpendicular to the lesion. However, 
due to the larger through-plane voxel 
size, small lesions are subject to partial 
volume effects. Therefore, it may well 
be dependent on the specific clinical 
question on a single-patient basis which 
type of sequence (isotropic versus an-
isotropic voxels) to use. For instance, 
a radiologist may consider isotropic 
sequences in patients with no previ-
ous imaging or known VW lesion as a 
method of screening the intracranial 
arteries, while an anisotropic sequence 
could be used to assess a known lesion.

The advantage of interpreting VW 
images in multiple planes is currently not 
supported by much research data. The 
results of recent studies suggest that the 
use of transverse images alone may be 

attainable SNR enables the use of pre-
viously mentioned inversion-recovery 
pulse, resulting in nearly optimal CSF 
suppression (15).

Spatial resolution.—Due to a lack 
of in vivo-ex vivo correlation studies 
(see “Future Prospects”), it is currently 
not clear what minimum spatial reso-
lution is necessary to accurately diag-
nose intracranial VW disease, nor is 
it known what spatial coverage is clin-
ically relevant. Previous histopathologic 
studies have shown the intracranial 
arterial VW to vary in thickness from 
0.2 to 0.4 mm for the distal internal 
carotid artery to 0.2–0.3 mm for the 
MCA (34). However, radiologic mea-
surements have shown a larger VW 
thickness of approximately 1.0 mm for 
both MCA and internal carotid artery 
(35). Several reasons can account for 
this difference; for example, underesti-
mation in histopathologic studies due to 
preparation techniques (cell shrinkage 
of 8%–20% [36,37] in histopathologic 
preparation) or overestimation in the 
radiologic studies due to partial volume 
effects (relatively large voxels), mea-
surement errors, and/or pulsatility ef-
fects of the VW during acquisition. On 
the basis of these considerations, and 
given the fact that one needs at least 
two voxels in an object to measure its 
size and/or thickness accurately (38), 
an MR imaging sequence with 0.18-
mm isotropic voxels–assuming a his-
tologically processed wall thickness 
of 0.3 mm and a mean shrinkage ef-
fect of 15%–would theoretically en-
able highly detailed assessment of the 
circle of Willis and, depending on the 
field of view (FOV), its large and small 
branches (34). However, it remains to 
be seen whether this much detail is 
really necessary in clinical practice in 
all patient groups (39). Also, (ultra)-
high-resolution sequences would be 
met with significant time constraints, 
limiting their application to cooperative 
patients with low morbidity or neces-
sitating either introduction of very fast 
imaging techniques or compromising 
between spatial resolution and FOV.

To avoid these limitations, intracra-
nial VW imaging sequences in current 
practice are mainly aimed at detecting 

VW CNR.—The first step in achiev-
ing a high VW CNR is to suppress the 
luminal blood. Most intracranial VW 
imaging sequences rely on the intrinsic 
“black blood” properties of three-di-
mensional (3D) turbo spin-echo (TSE) 
pulse sequences, with variable flip-angle 
refocusing pulses (17,19–23). In these 
sequences, black blood is achieved by 
intravoxel dephasing of flowing blood, 
which is most effective when low-flip-an-
gle refocusing pulses are used (17,24). 
Alternatively, preparation pulses can 
be used to obtain blood suppression, 
such as double inversion recovery (25), 
motion-sensitizing preparation pulses 
(26), or delay alternating with nutation 
for tailored excitation (DANTE) prepa-
ration pulses (20). Adding preparation 
pulses generally increases acquisition 
time. Currently, there is a need for a 
thorough analysis, both theoretically 
and experimentally, assessing the per-
formance of the various blood suppres-
sion techniques in the presence of slow 
flow (directly next to the VW).

For optimal CNR, not only suppres-
sion of blood signal to depict the inner 
boundary of the VW, but also suppres-
sion of CSF signal to depict the outer 
boundary is essential, especially when 
outward vascular remodeling is present 
(27–30). At 3 T, the CNR between VW 
and lumen is superior to the CNR be-
tween VW and CSF on most pulse se-
quences. Because an inversion-recovery 
pulse as a CSF-suppressing technique is 
both time consuming and detrimental 
to the VW signal-to-noise ratio (SNR), 
these VW imaging sequences rely im-
plicitly (without use of CSF suppres-
sion preparation pulses) or explicitly 
(with use of DANTE) on CSF flow for 
CSF suppression (19–21,31,32). Con-
sequently, suppression of CSF will be 
lower in compartments where there is a 
slower flow of CSF, for example, around 
the VW and at locations where there is 
little CSF surrounding the vessels. How-
ever, a recent promising development 
for improving CSF suppression at 3 T is 
the incorporation of an antidriven-equi-
librium pulse, which relies on T1 and 
T2 relaxation properties and is inde-
pendent of CSF flow (32,33). At higher 
field strengths, such as 7 T, the higher 
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Best, the Netherlands) were recently 
equipped with a 32-channel phased-ar-
ray sensitivity encoding head coil. Pre-
viously, we used an eight-channel head 
coil. We clinically use a 3D T1-weighted 
volumetric isotropically reconstructed 
TSE acquisition, or VIRTA, sequence 
(adapted from Qiao et al) (17,42) that 
is performed after contrast material ad-
ministration only (gadobutrol, Gadovist 
1.0 mmol/mL, single dose, adjusted to 
patient weight; Bayer Schering Pharma, 
Newbury, England). The images are 
acquired at an anisotropic spatial res-
olution of 0.5 3 0.5 3 1.0 mm3 that 
is subsequently reconstructed to 0.5 3 
0.5 3 0.5 mm3 isotropic resolution. We 
have chosen this particular spatial reso-
lution, which is considerably below the 
“ideal” spatial resolution of 0.18 3 0.18 
3 0.18 mm3 mentioned above, because 
of the limitations regarding acquisition 
time and SNR. Also, in a recent small 
study, we found that sequences with a 
lower spatial resolution (0.5 mm 3 0.5 
mm 3 1.0 mm) and a short imaging 
duration (4 minutes 39 seconds) have a 
good subjective quality score and good 
performance with respect to lesion de-
tection (39). An anisotropic sequence 
was chosen for two main reasons: (a) 
In our experience, assessment of the in-
plane sections, planned in a transverse 
oblique plane to image the circle of Wil-
lis in the classic anatomic way (Fig 1),  
most often will suffice for detection of 
larger lesions and (b) we mainly use 
this sequence to detect VW enhance-
ment, which is less dependent on par-
tial volume effects. In this regard, an 
anisotropic voxel size can in our opin-
ion be a good compromise with an in-
crease in SNR and shorter acquisition 
times. However, the above-mentioned 
drawbacks of anisotropic sequences 
always need to be taken into account 
when assessing the images.

In the VIRTA sequence, black blood is 
obtained by means of low-flip-angle refo-
cusing pulses. To optimize CSF suppres-
sion, we use the antidriven-equilibrium 
method (17,33,39). Because CSF sup-
pression is not optimal with use of this 
method, we have currently started imple-
menting DANTE for better CSF suppres-
sion. Because the FOV of the sequence is 

does come at the cost of a lower spa-
tial resolution to keep acquisition times 
within limits. Nonetheless, although cur-
rent 7-T VW imaging pulse sequences 
have a lower or comparable spatial res-
olution compared with published (and 
our own) 3-T sequences, visualization 
of the VW was still found superior at 7 
T, mainly due to higher CNR and more 
optimal CSF suppression (45). However, 
only approximately 60 7-T MR imaging 
platforms exist worldwide. Also, the in-
homogeneous B0 and B1 fields can still 
hamper assessment of peripheral parts 
of the brain, such as in the Sylvian fis-
sure, although this is improving over 
time due to the continuous development 
of the technology. Combined with the 
fact that 7-T MR imaging has not yet 
been officially approved for clinical di-
agnostic imaging, 7-T VW imaging se-
quences are mainly used for research 
purposes and specific challenging clinical 
cases (eg, cerebral vasculitis).

Image contrast weighting.—Mirror-
ing pulse sequence development in the 
extracranial carotid artery, pulse se-
quences with different image contrast 
weighting (eg, T1-, T2-, and proton den-
sity weighted) have also been developed 
for assessing the intracranial VW. Theo-
retically, the ideal VW imaging protocol 
would include images of all three image 
contrast weightings and a T1-weighted 
sequence after contrast agent admin-
istration to assess intracranial VW 
disease in the same fashion as has been 
done for years for their extracranial 
counterparts (46). However, no clear ev-
idence yet exists on the clinical relevance 
of multicontrast MR imaging protocols 
for intracranial VW disease. With the 
relatively long acquisition times of these 
VW sequences, most of the currently 
used intracranial VW imaging protocols 
rely on T1-weighted imaging, because of 
its benefits in the detectability of con-
trast enhancement after contrast agent 
administration and favorable imaging 
characteristics when distinguishing the 
VW from its surrounding tissue and (if 
present) plaque components (47).

Our 3-T Protocol
The 3-T MR imaging systems at our cen-
ter (Achieva 3.0T; Philips Healthcare, 

sufficient for the interpretation of VW 
images (42,43). In one of these studies, 
3D sequences with a high in-plane spatial 
resolution and a larger section thickness 
were either performed in the transverse 
plane or perpendicular to the MCA. VW 
lesions of the MCA were also detected on 
the images that were acquired nonper-
pendicular to the artery.

Two-dimensional versus 3D imag-
ing.—To increase in-plane spatial reso-
lution, two-dimensional (2D) spin-echo 
sequences can be used as an alternative 
to 3D methods (1,28,31,44). The 2D 
in-plane spatial resolution is equivalent 
to that of 3D, and volume-averaging 
errors due to thicker sections (2 mm, 
no gap) are alleviated by repeating 
the sequences in sagittal and/or axial 
planes targeted to a lesion in question. 
Sequence acquisition times are short 
(approximately 3 minutes) with good 
SNR. The drawbacks of these 2D spin-
echo methods are the need to target a 
specific lesion due to limited coverage 
to keep imaging times short and the 
increased dependence on correct po-
sitioning of the FOV. Two-dimensional 
methods can therefore best be applied 
in cases in which there is a known in-
tracranial stenosis on which the FOV 
can be focused and has highest value 
in characterizing the underlying path-
ologic process (eg, atherosclerotic 
plaque characterization).

Field strength.—A further consid-
eration is what field strength to use. In 
our experience and that of others (2), 
1.5 T does not achieve sufficient SNR 
and CNR within a reasonable acquisi-
tion time. Therefore, a field strength of 
3 T or higher is mandatory. In light of 
the increased availability of 3-T MR im-
aging platforms, this makes intracranial 
VW imaging feasible in many hospitals 
worldwide. The advantage of a 7-T field 
strength is an increased SNR and CNR 
compared with 3 T, which enables bet-
ter intrinsic image contrast and a higher 
spatial resolution within a reasonable 
acquisition time (16,18). Specifically for 
VW imaging, the higher SNR also en-
ables the use of the inversion-recovery 
pulse mentioned above to completely 
suppress the CSF and a large FOV for 
whole-brain coverage; however, this 
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Figure 1

Figure 1: A, Sagittal view of the anterior circulation intracranial arteries and, B, corresponding phase-con-
trast angiographic image used in our clinic for planning the FOV (45-mm feet-head, red box) in a transverse 
oblique plane to include all large intracranial arteries of the anterior circulation. C, Transverse view of the 
large intracranial arteries of the circle of Willis and, D, corresponding transverse oblique 3-T T1-weighted 
intracranial VW MR image, in which most anterior circulation arteries can be seen in one section. A1 and A2 
= segments of the anterior cerebral artery; ACOM = anterior communicating artery; BA = basilar artery; ICA 
= internal carotid artery; M1, M2, and M3 = segments of the MCA; P1 and P2 = segments of the posterior 
cerebral artery; PCOM = posterior communicating artery; VA = vertebral artery.

Use of Contrast Agents
The use of contrast material–enhanced 
MR imaging is considered a necessary 
component of VW imaging protocols 
(1,2). Sensitivity for contrast enhance-
ment depends on optimal timing of 
contrast agent injection. Currently, no 
head-to-head comparisons between VW 
imaging sequences at different time 
points after contrast agent injection have 
been performed. For timing of contrast 
enhancement at standard brain MR im-
aging sequences, results from studies in 
brain tumors are generally used (50). As 
a general rule, optimal timing of sequence 
acquisition is between approximately 
5–10 minutes after contrast agent injec-
tion; contrast enhancement may be weak 
within the first 5 minutes after injection, 
and evidence of the added value of a late 
phase acquisition (. 10 minutes) is lack-
ing. Because many of the current VW 
imaging sequences have an acquisition 
duration of between 5 and 7 minutes, the 
ideal start time would be 5 minutes after 
contrast agent injection. At our institu-
tion, we either perform one anatomic 
sequence after contrast agent injection–
such as an axial T2-weighted TSE or 
diffusion-weighted imaging sequence–or 
implement a 5-minute break before start-
ing the VW imaging sequence.

The choice of whether or not to ob-
tain both pre- and postcontrast images 
depends on both the specific setting and 
clinical question. At 7 T, we perform 
the VW imaging sequence before and 
after contrast material administration, 
because we mainly examine patients in 
a research setting or challenging cases 
and therefore have time (45–60-minute 
time slot) to acquire both pre- and 
postcontrast images in addition to the 
standard anatomic brain images. With 
this setup, contrast-enhancing lesions 
can be distinguished from nonenhanc-
ing lesions with a high signal intensity 
by comparing pre- and postcontrast 
images. However, within the context 
of fixed, shorter MR imaging time slots 
and a maximum acquisition time based 
on patient comfort, in clinical practice, 
it is often necessary to limit the time 
for intracranial VW imaging at 3 T. 
An option that reduces total protocol 
time, and which we currently use at our 

that is reconstructed to 0.49 3 0.49 
3 0.49 mm3 isotropic resolution. The 
pulse sequence includes an inversion 
recovery pulse that results in nearly 
complete CSF suppression and uses 
low and varying refocusing pulse angles 
for obtaining black blood. The FOV en-
compasses the entire brain (190 mm), 
which, in combination with the isotro-
pic spatial resolution, does not require 
additional planning in oblique angles. B0 
shimming and dielectric pads are addi-
tionally used to decrease inhomogene-
ity of the main magnetic and radiofre-
quency transmit field, which otherwise 
can result in considerable signal loss in 
both temporal lobes (including the M2-
M3 trajectory) (49). Key parameters of 
our 7-T protocol are shown in Table 2.

restricted in the through-plane direction–
measuring 45 mm thickness–care must 
be taken to plan the FOV correctly (Fig 
1). Key parameters of our 3-T protocol 
are shown in Table 1.

Our 7-T Protocol
The 7-T MR imaging platform at our 
institution (Philips Healthcare, Cleve-
land, Ohio) is equipped with a 32-chan-
nel receive coil and a volume transmit/
receive coil for transmission (Nova 
Medical, Wilmington, Mass). We use 
a T1-weighted magnetization-prepared 
inversion-recovery TSE intracranial 
VW sequence (15,48) performed be-
fore and after contrast material ad-
ministration, with acquired isotropic 
resolution of 0.8 3 0.8 3 0.8 mm3 
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hemorrhage and intracranial arterial 
dissections may be missed (51).

Other Necessary Sequences
Other, more “conventional” MR im-
aging sequences also add helpful in-
formation when used in combination 

sequence. Still, studies are needed to 
compare this alternative approach 
(postcontrast only) with the classic ap-
proach (pre- and postcontrast). One of 
the major limitations of using a post-
contrast VW imaging sequence only 
is that findings such as intraplaque 

institution, is to only acquire postcon-
trast images. In our experience, most 
VW lesions–even when not enhanc-
ing–can be detected on the postcon-
trast VW imaging sequence and it saves 
half the acquisition time relative to the 
combination of a pre- and postcontrast 

Table 2

7-T VW imaging Protocol Used at Our Institution

Imaging Parameter 3D T1 MPIR TSE DW Imaging
3D T1 MPIR TSE with  
Contrast Agent

Inflow SWI with  
Contrast Agent (3 TEs)

3D T2 FLAIR with  
Contrast Agent

FOV (mm3) 250 3 250 3 190 220 3 220 3 123 250 3 250 3 190 190 3 190 3 102 250 3 250 3 190
Acquisition orientation Sagittal Transverse Sagittal Transverse Sagittal
Acquisition spatial  

resolution (mm3)
0.8 3 0.8 3 0.8 1.5 3 1.5 3 1.5 0.8 3 0.8 3 0.8 0.4 3 0.5 3 0.6 0.8 3 0.8 3 0.4

Reconstructed spatial 
resolution (mm3)

0.49 3 0.49 3 0.49 1.5 3 1.5 3 1.5 0.49 3 0.49 3 0.49 0.4 3 0.4 3 0.3 0.49 3 0.49 3 0.49

TR/TE/TI (msec) 3952/37/1375 17659/57- 3952/37/1375 21/2.3*/- 8000/300/2200
Flip angle (degrees) 120 120 120 30 90
Echo spacing (msec) 3.3 … 3.3 … 4.7
TSE factor 169 (including 10 start-ups) … 169 (including 10 start-ups) … 125 (including 1 start-up)
Oversampling factor 1 … 1 v 1
Readout bandwidth (Hz) 934.8 23.6 934.8 557.0 410.9
No. of signals acquired 2 1 2 1 1
Sensitivity encoding factor 2 (AP) and 3 (RL) 2.5 (AP) 2 (AP) and 3 (RL) 2.5 (RL) 2.5 (AP) and 3 (RL)
Acquisition time 10 min 40 sec 6 min 10 sec 10 min 40 sec 9 min 18 sec 10 min 48 sec
Head coil 32 channel 32 channel 32 channel 32 channel 32 channel

Note.—AP = anteroposterior direction, DW = diffusion weighted, MPIR = magnetization-prepared inversion-recovery TSE (48), RL = right-left direction, SWI = susceptibility-weighted imaging, TE = 
echo time, TI = inversion time, TR = repetition time, VIRTA = volumetric isotropically reconstructed TSE acquisition (43).
* Delta TE = 7.2 msec for second and third echo time.

Table 1

3-T VW Imaging Protocol Used at Our Institution

Imaging Parameter Diffusion-weighted Imaging 3D TOF MR Angiography 2D T2 FLAIR
3D T1 VIRTA with  
Contrast Agent

3D T1 TFE with  
Contrast Agent 

FOV (mm3) 230 3 230 3 140 200 3 200 3 70 230 3 183 3 140 200 3 167 3 45 230 3 230 3 160
Acquisition orientation Transverse Transverse Transverse Transverse oblique Transverse
Acquisition spatial resolution (mm3) 0.96 3 1.22 3 4.0 0.4 3 0.7 3 1.0 0.65 3 0.85 3 4.0 0.5 3 0.5 3 1.0 1.0 3 1.0 3 1.0
Reconstructed spatial resolution (mm3) 0.45 3 0.45 3 4.0 0.36 3 0.36 3 0.5 0.41 3 0.41 3 4.0 0.5 3 0.5 3 0.5 0.96 3 0.96 3 1.0
TR/TE/TI (msec) 4056/68/- 22/3.5/- 10000/120/2800 1500/32/- 8.5/3.9/1016
Flip angle (degrees) 90 18 120 90 8
Echo spacing (msec) … … 9.6 4.5 …
MPIR TSE factor … … 24 56 + 4 …
Oversampling factor … … … 1.8 1.4
Readout bandwidth (Hz) 15.1 522.7 218.1 643.4 189.8
No. of signals acquired 2 1 1 1 1
Sensitivity encoding factor 3 (AP) 2 (RL) 2 (RL) 1.5 (RL) 3 (RL)
Acquisition time 1 min 25 sec 5 min 12 sec 5 min 0 sec 8 min 3 sec 2 min 29 sec

Note.—AP = anteroposterior direction, DW = diffusion weighted, FLAIR = fluid-attenuated inversion recovery, MPIR = magnetization-prepared inversion-recovery TSE (48), RL = right-left direction, TE 
= echo time, TI = inversion time, TR = repetition time, TFE = turbo field echo, VIRTA = volumetric isotropically reconstructed TSE acquisition (43).
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Figure 2

Figure 2: A, 3-T transverse TOF MR image (voxel size, 0.4 3 0.7 3 1.0 mm3) and, B, corresponding 3T 
transverse oblique precontrast T1-weighted VW image (voxel size, 0.5 3 0.5 3 1.0 mm3), both zoomed in on 
the left P1/P2 bifurcation of the posterior cerebral artery (arrow). On the VW image (B), the basal vein of Rosen-
thal can be seen coursing directly lateral to the PCA (arrowhead), which is not visible on the TOF MR image (A).

example, in a strongly elongated MCA. 
Nonetheless, TOF MR angiography is 
still a sensitive method to detect ste-
notic lesions and is the workhorse in 
most centers for the detection of vas-
cular disease, including aneurysms of 
the intracranial vasculature (52). Be-
cause it is not dependent on first con-
trast agent passage, acquisition time 
can be invested to increase the spatial 
resolution.

Other pulse sequences that can be 
of additional value in VW imaging as-
sessment depend on the specific clini-
cal question and include (a) T2-weight-
ed TSE sequence that can confirm the 
absence of a flow void in the arterial 
lumen in a patient with an arterial 
occlusion, (b) T1-weighted anatomic 
sequence for both assessment of nor-
mal anatomy and for use as precontrast 
sequence for (mainly tissue) enhance-
ment, (c) T1-weighted fat-suppressed 
sequence that can depict a subintimal 
hematoma in patients with an arterial 
dissection that involves both the ex-
tracranial and intracranial segments, 
and (d) fluid-attenuated inversion re-
covery and diffusion-weighted imaging 
sequence for localizing white matter 
lesions and old and recent ischemia 
possibly associated with VW disease. 
The full VW imaging protocol used 
at our institution, including key pulse 
sequence parameters, can be found in 
Tables 1 and 2.

Patient Preparation
Proper patient preparation plays an im-
portant role in the acquisition of high-
quality intracranial VW images. The 
patient (or legal representative) needs 
to be informed about the MR imaging 
examination, and the MR imaging staff 
needs to assess if any possible contra-
indications for MR imaging (claustro-
phobia, contraindicated metal objects 
in or on the body, pregnancy) or for 
gadolinium-containing contrast agents 
(known allergic reaction to gadolini-
um-containing contrast agent, severely 
impaired renal function) exist. Also, 
because of the relatively long acquisi-
tion time of VW imaging sequences, 
imaging staff needs to assess whether 
the patient is clinically able to undergo 

of Willis or focused on a specific (ste-
notic) VW lesion. Contrast-enhanced 
MR angiography during first contrast 
agent passage clearly shows the arte-
rial vasculature and is less sensitive to 
slow-flow artifacts compared with TOF 
MR angiography. Furthermore, with 
strong elongation of the arterial vascu-
lature it is also less sensitive to a sig-
nal decrease of cranial-caudal flow, for 

with intracranial VW imaging. MR 
angiographic methods, such as con-
trast-enhanced MR angiography or 
time-of-flight (TOF) MR angiography, 
are particularly helpful to assess the 
arterial lumen and to identify the spe-
cific arteries to which the visualized 
VWs belong (Fig 2). Also, in case of a 
small FOV, these techniques can guide 
FOV planning centered on the circle 

Figure 3

Figure 3: A, 3-T oblique (transverse/coronal) precontrast T1-weighted VW image (voxel size, 0.5 3 0.5 
3 1.0 mm3) in a 29-year-old healthy volunteer. In this single section, most large intracranial arteries of 
the circle of Willis are (partially) visible, for example, the left A1 segment of the anterior cerebral artery and 
basilar artery (arrows). B, Zoomed image of the M1 segment of the left MCA. The VW (arrow) can barely 
be seen because of its close proximity to the brain parenchyma, which has comparable signal intensity. C, 
Reconstructed sagittal image (0.6 3 1.0 in-plane spatial resolution) of the left MCA (arrow). The quality and 
detail are marginally lower compared with the transverse oblique image because of the anisotropic voxel size.
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Willis. When the area of interest lies 
predominantly in the posterior circula-
tion, a more transverse oblique angu-
lation can be used to include a longer 
trajectory of the basilar and vertebral 
arteries. On the other hand, when 
there is suspicion of a dissection or in-
traplaque hemorrhage, a precontrast 
VW imaging sequence can be added to 
a postcontrast-only protocol. Further, 
previous (MR imaging) examinations 
showing arterial disease (eg, stenoses) 
at conventional sequences need to be 
taken into account for both FOV plan-
ning and evaluation of progression.

The patient’s treatment status is 
another important clinical feature for 
VW imaging assessment. For instance, 
when a patient with cerebral vasculitis 
is treated with prednisolone, it is im-
portant to know when treatment has 
commenced relative to the time of the 
imaging examination: VW enhance-
ment may be lower or have disap-
peared altogether. Also, in case of an 
ischemic infarct that has been treated 
with thrombolysis or intra-arterial 
treatment, there may be local VW en-
hancement present at the location of 
the previous occlusion (54,55). Finally, 
if a patient has undergone an MR imag-
ing examination that included contrast 
agent administration less than 12 hours 
before VW imaging, there may be re-
sidual contrast enhancement on the 
subsequent precontrast VW images.

Common Indications
At our institution, the most common 
indication for our 3-T VW imaging pro-
tocol is a suspected cerebral vasculitis 
(either primary angiitis of the central 
nervous system or due to other causes). 
When this suspicion is raised by the cli-
nician, a spectrum of symptoms is often 
present that can also indicate the pres-
ence of other vascular diseases, such 
as small vessel disease or large artery 
atherosclerosis with unstable plaques. 
VW imaging can assist in differentiating 
between these vascular diseases but may 
also be helpful during follow-up and eval-
uation of the received treatment. Other 
vascular diseases in which VW imaging 
may be indicated are the detection or 
evaluation (evolution) of large artery 

Pre-assessment Case Preparation–
What Do We Need to Know?

Clinical Information

For a complete assessment of intracra-
nial VW images, several clinical aspects 
are important to know. In general, 
when requesting VW imaging the actual 
clinical status of the patient (neurologic 
status, ability to lie still for a prolonged 
period of time) should be reported to 
assess the a priori chance of acquiring 
images of sufficient diagnostic quality. 
Next, a specific clinical question is im-
portant for defining a patient-tailored 
VW imaging protocol. For instance, if 
the clinician is suspicious of disease in 
the anterior cerebral vasculature, the 
(small) FOV of the 3-T sequence needs 
to be placed in a more transverse ori-
entation in line with the arteries of the 
anterior circulation part of the circle of 

the examination: It may be challenging 
to lay still for a long period of time, 
especially for neurologically impaired 
patients. Prior to imaging, a periph-
eral intravenous catheter is placed in 
the antecubital vein for contrast agent 
administration (42,43,53).

Our complete VW imaging proto-
col (Tables 1, 2) takes approximately 
23 and 48 minutes for the 3-T and 7-T 
protocol, respectively. The VW imaging 
sequence has an acquisition time of 8 
minutes 3 seconds for the 3-T and 10 
minutes 40 seconds for the 7-T proto-
col. VW imaging sequences are suscep-
tible to motion artifacts because of the 
relatively long acquisition duration, and 
visibility of the VW decreases rapidly 
when patients move their head during 
acquisition. We therefore use foam 
cushions positioned around the pa-
tient’s head to aid in limiting movement 
artifacts.

Figure 4

Figure 4: A, B, Images in a 68-year-old woman with a recent right-sided ischemic stroke, successfully 
treated with thrombolytic therapy. Concentric enhancing VW thickening is seen in the right MCA (arrow) 
compared with the normal appearing distal ICA (arrowhead) on 3-T T1-weighted (A) and 7-T T1-weighted 
magnetization-prepared inversion-recovery TSE (B) postcontrast VW images. C, D, Images in a 72-year-old 
woman with a recent transient ischemic attack. Postcontrast 3-T (C) and 7-T (D) VW images show an eccen-
tric VW lesion (arrow) in the left MCA (just distal to the intracranial internal carotid artery bifurcation).
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reformatting–when applicable–may in-
crease diagnostic confidence of some 
lesions, including lesions of the M1 
segment of the MCA, which is one of 
the few circle of Willis vessels visual-
ized solely parallel to its orientation in 
a transverse section (Fig 1).

Before using intracranial VW im-
aging as a diagnostic tool in patients, 
one should become acquainted with the 
normal appearance of the arterial wall 
on VW images (Figs 1, 3). The normal 
VW can be seen as a thin line sur-
rounding the vessel lumen and is isoin-
tense to the brain parenchyma (white 
and gray matter have approximately 
the same signal intensity on VW im-
ages because sequence parameters are 
specifically optimized for the VW). VW 
imaging of healthy intracranial vascula-
ture frequently suggests a variance in 
wall thickness that is most likely not re-
lated to VW disease but due to partial 
volume effects. With normal ageing, 
the VW has been shown to increase 
in thickness; however, the question re-
mains whether this small increase in 

on VW images (8). In practice, this is 
a less common situation in our patient 
population, so we perform a complete 
search of the large intracranial vas-
culature, starting at the extracranial 
internal carotid and vertebral artery 
and then following the course of these 
arteries into the basilar artery and an-
terior, middle, and posterior cerebral 
artery branches, including the M1, 
(very) proximal M2, A1, (very) prox-
imal A2, P1, and (very) proximal P2 
segments. For all currently published 
VW imaging sequences, including our 
own sequences, voxel size exceeds the 
VW thickness of all arteries and will 
result in overestimation of wall thick-
ness. Lesions are visible, though, as 
they generally have a higher intensity or 
thicker appearance than the adjacent, 
apparently normal VW. In our experi-
ence, most intracranial VW lesions are 
detectable when scrutinizing the source 
data of the VW imaging sequences, that 
is, when the images are acquired in a 
transverse (7 T) or transverse oblique 
plane (3 T) (43). However, multiplanar 

atherosclerosis with or without arterial 
remodeling, and less frequently Moyam-
oya vasculopathy, dissections, and cere-
bral aneurysms (all mostly for research 
purposes). When 3-T VW imaging does 
not show any abnormalities, when the 
clinician suspects subtle VW disease, or 
when all arteries of the circle of Willis 
need to be thoroughly assessed and/or 
screened, our 7-T protocol can be con-
sidered if this platform is available.

Systematic Approach of VW 
Assessment

General Assessment
VW imaging assessment at our institu-
tion is generally performed on special-
ized workstations for diagnostic imag-
ing with a high-resolution monitor and 
a picture archiving and communication 
system (IDS7; Sectra AB, Linköping, 
Sweden). When an intracranial arterial 
stenosis has been found at TOF MR an-
giography, VW imaging could entail a 
dedicated characterization of this lesion 

Table 3

Commonly Seen Imaging Characteristics for Different Intracranial VW Diseases

VW Disease

Stenosis at MR 
Angiography/CT 
Angiography VW Thickening Location Enhancement* Special Considerations

Image 
Example

Intracranial atherosclerosis 
(35,42,47,56,70,72)

Equally present and 
not present

Eccentric More widespread,  
distal ICA/vertebral, 
focal lesions

Equally present and not 
present

Plaque characterization, intraplaque 
hemorrhage†

Figure 4

CNS vasculitis (73,74) Often present Concentric More widespread,  
long trajectory

Virtually always present Effect of steroid therapy Figure 9
Guiding best location for biopsy

Moyamoya disease (75–79) Equally present and 
not present

Concentric Distal ICA, proximal  
MCA

Equally present and  
not present

… Figure 10

Arterial dissection (80–83) Virtually always 
present

Eccentric Distal ICA/vertebral Often present Detection of hematoma and flap,  
added value of fat suppression in 
case of an extracranial dissection

Figure 11

Intracranial aneurysm 
(69,84–87)

Equally present and 
not present

… … Often enhances when symptomatic, 
difficult to assess when SAH is 
present

Figure 12

RCVS (73,74,88) Often present Concentric More widespread Often not present String-of-beads on angiograms …
Iatrogenic (after 

thrombectomy) (54,55)
Equally present and 

not present
Eccentric/ 

concentric
Thrombectomy site Often present … Figure 8

Note.—CNS = central nervous system, ICA = internal carotid artery, RCVS = reversible cerebral vasoconstriction syndrome, SAH = subarachnoid hemorrhage.

* Concordant with contrast enhancement of extravascular disease, contrast enhancement of intracranial VW disease could reflect a more active phase of disease (74).
† Plaque characterization has mainly been performed in the Asian population, in which large multicomponent atherosclerotic plaques are significantly more prevalent. Several case series have shown 
the possibility of detecting intraplaque hemorrhage (22,89–93); however, postmortem studies suggest that intraplaque hemorrhage has a lower prevalence in intracranial plaques compared with 
extracranial (carotid) plaques (6,47,94); therefore, its role so far remains elusive.
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absence of stenosis should not be an ar-
gument in the decision process whether 
a lesion is present or not.

Contrast Enhancement
Ideally, both pre- and postcontrast im-
ages are available for assessment of 
VW lesion enhancement. With this 
setup, contrast-enhancing lesions can 
be distinguished more accurately from 
nonenhancing lesions with a high sig-
nal intensity. To this end, we either 
compare pre- and postcontrast images 
one-on-one (eyeballing) or we calculate 
subtraction images (postcontrast minus 
precontrast), for example, using MeV-
isLab (version 2.5; MeVis Medical So-
lutions, Bremen, Germany). However, 
as mentioned before, time constraints 
often limit VW imaging in clinical prac-
tice to one postcontrast VW imaging 
sequence. When only postcontrast im-
ages are available, assessment of con-
trast enhancement will be based on a 
comparison of the relative signal inten-
sity of the arterial VW (lesion) with the 
appearance of the other (contralateral) 
arterial VW, the signal of the brain 
tissue, and/or the pituitary stalk. The 
pituitary stalk shows vivid contrast en-
hancement (57), and when the signal 
intensity of an intracranial arterial VW 
lesion approximates that of the pituitary 
stalk, it can be considered as contrast 
enhancement (Fig 4). Contrarily, if the 
signal intensity follows the intensity of 
the brain parenchyma, this can be con-
sidered as absence of enhancement.

In healthy subjects, contrast en-
hancement of the internal carotid 
artery and vertebral artery wall can 
be seen at the location where these 
arteries cross the dura mater and 
should not be mistaken for pathologic 
contrast enhancement (Fig 5). Vasa va-
sorum and increased permeability of 
the endothelium have been described 
at this location, but the exact nature of 
this contrast enhancement has yet to 
be determined (58). Also, the cavern-
ous sinus shows diffuse enhancement 
after contrast agent administration; 
since the internal carotid artery runs 
through this cavernous venous plexus, 
it is difficult to assess the presence or 
absence of contrast enhancement of 

the circumference–and as enhancing or 
not enhancing after contrast agent ad-
ministration (see below), which can give 
an indication of the specific underlying 
disease process (Table 3). When assess-
ing a potential lesion, the area of interest 
should be compared with next sections 
(in case of concentric thickening) or the 
cross-section of the VW should be scru-
tinized (in case of eccentric thickening), 
and it should be compared with the con-
tralateral VW (but beware of bilateral 
disease). Finally, VW images should be 
cross-correlated with the axial TOF MR 
angiographic images for correct interpre-
tation of the specific artery/arteries in 
which the lesion(s) was/were found and 
to check if the lesion causes luminal nar-
rowing. Bear in mind that due to arterial 
remodeling, VW lesions very often do 
not show a stenosis (15); therefore, the 

thickness can be visualized with the 
currently used spatial resolutions (45). 
In younger patients without significant 
brain atrophy, the MCA is often located 
directly adjacent to the brain paren-
chyma, with little or no visible CSF in 
between. Because its signal intensity 
is similar to that of brain parenchyma 
in most sequences, it is often difficult 
to assess all segments of the MCA VW 
(including possible lesions) (Fig 3).

In general, a VW lesion is defined by 
one or both of the following characteris-
tics (Fig 4): (a) a focal or more diffuse 
thickening of the VW greater than 50% 
compared with the adjacent VW thick-
ness (31) and/or (b) focal or diffuse vivid 
contrast enhancement (56). One can fur-
ther characterize the lesion as eccentric–
less than 50% of the circumference of the 
VW–or concentric–greater than 50% of 

Figure 5

Figure 5: A, B, 3-T pre- (A) and postcontrast (B) T1-weighted VW images (voxel size, 0.5 3 0.5 3 1.0 
mm3) in a 40-year-old woman with a recent right-sided ischemic stroke, zoomed in on the cavernous sinus. 
The postcontrast image of the cavernous sinus shows diffuse contrast enhancement of the cavernous 
plexus (arrows), which makes delineation of the carotid VW challenging. C, D, 7-T postcontrast T1-weighted 
magnetization-prepared inversion-recovery TSE images in the same subject, zoomed in on the vertebral 
arteries that cross the dura mater. In transverse orientation (C), contrast enhancement (arrows) of both verte-
bral arteries can be seen when crossing the dura mater. In sagittal orientation (D), this enhancement can be 
better appreciated (arrow) at the same location of the transdural crossing of the vertebral arteries.
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this cavernous segment of the internal 
carotid artery (Fig 5).

Common Artifacts and Corresponding 
Pitfalls
Like all MR imaging examinations, 
VW imaging is sensitive to motion ar-
tifacts, even more so because of the 
relatively long acquisition times. Also, 
sensitivity encoding fold-over artifacts 
need to be considered when deciding 
to use a VW imaging sequence with 
sensitivity encoding acceleration. Next 
to these more general artifacts, there 
are two artifacts that may pose an in-
terpretation problem specifically when 
assessing VW images. The first is the 
slow-flow artifact (Fig 6). Due to the 
parabolic flow velocity profile within a 
vessel, the flow directly next to the VW 
is slower compared with the center of 
the lumen. Intracranial VW imaging 
sequences that use the inflow or out-
flow of blood to suppress the arterial 
lumen can therefore show a higher sig-
nal from unsuppressed blood near the 
VW, which mimics either the VW itself 
(making it appear thickened) or mimics 
a focal VW lesion (when flow is focally 
decreased). These hyperintense arti-
facts can be present both before and 
after contrast agent administration but 
are in principle more visible after con-
trast agent injection (Fig 6).

Slow-flow artifacts are most obvious 
in the slow-flowing blood in smaller and 
larger veins, for instance in veins within 
the Sylvian cistern that are in relatively 
close proximity to the branches of the 
MCA. When solely interpreting VW 
images, slow flow in veins can be misin-
terpreted as arterial wall enhancement. 
This misinterpretation can be avoided 
by routinely cross-checking the location 
of the intracranial arteries on TOF MR 
angiographic images or by assessing 
the pattern of the hyperintense signal: 
Slow-flow artifacts are often symmetri-
cally present in both hemispheres and 
can be seen in many vascular struc-
tures both inside the skull and in the 
extracranial veins, such as the superfi-
cial temporal vein (Fig 6). Suboptimal 
suppression of slow flow is related to 
the VW imaging technique used, and 
although TOF MR angiography is also 

Figure 6

Figure 6: A, B, 3-T precontrast T1–weighted VW images (voxel size, 0.5 3 0.5 3 1.0 mm3) in a 38-year-
old healthy man. A, An isointense artifact is seen in the lumen of the right ICA (arrow). B, A repeated VW 
sequence in the same imaging session did not show the isointense artifact in the lumen (arrow). C, D, 3-T 
transverse oblique postcontrast T1-weighted VW images in a 58-year-old healthy man. Hyperintense venous 
slow-flow artifacts are seen in the extracranial veins (arrow in C ). Hyperintensity caused by slow flow is 
present in the complete vein, but is more prominent along the VWs. Slow-flow–related hyperintensity can 
also be observed in the left sigmoid sinus (arrow in D ).

Figure 7

Figure 7: An example of a free induction decay artifact on a 3-T precontrast 
T1-weighted VW image (voxel size, 0.5 3 0.5 3 1.0 mm3). A dashed pattern is  
seen over the left hemisphere (white arrowheads). When the artifact is present at the  
same location of a VW (black arrowhead) it hampers interpretation of VW abnormalities.



Radiology: Volume 286: Number 1—January 2018 n radiology.rsna.org 23

HOW I DO IT: The Use and Pitfalls of Intracranial Vessel Wall Imaging Lindenholz et al

prone to slow-flow artifacts, it rarely 
occurs that these artifacts occur at the 
exact same location at both sequences. 
When in doubt about whether a VW 
abnormality is a slow-flow artifact or 
a real VW lesion, we do not want to 
judge  every abnormality as a VW le-
sion, but we analyse every possible le-
sion with caution; when in doubt, we 
may not call it a VW lesion; when the 
hyperintense signal is too large in vol-
ume for a thin arterial VW, we consider 
it a slow-flow artifact.

The other artifact that can cause 
difficulties in interpretation of VW ab-
normalities is the free-induction decay 
artifact (Fig 7). This artifact is caused 
by repeated refocusing radiofrequency 
pulses within the short echo times of 
T1-weigthed VW imaging sequences. 
The artifact occurs when the free-
induction decays from the refocusing 
pulses are not completely spoiled and 
appears as a linear dashed pattern on 
the image (59). The VW will show the 
same dashed, “zigzag” pattern, making 
it difficult to differentiate between arti-
fact and VW thickening and/or lesion. 
Possible ways to minimize this artifact 
is to increase the number of signals 
acquired, increase the echo time, or 
choose a larger section thickness; how-
ever, for obvious reasons these are dif-
ficult to implement in intracranial VW 
imaging.

VW Disease

Although intracranial VW imaging is 
still in its developmental stage, there 
are already several challenging diagnos-
tic situations in which it has shown its 
potential value (1,2,60,61), the most 
important of which is determining the 
cause of stroke and assessing accompa-
nying VW lesions. Recently, two excel-
lent review papers have been published 
that both address the commonly found 
imaging characteristics of different 
types of intracranial VW disease, in-
cluding a thorough literature overview 
(2,62). We will therefore restrict this 
section to a compact overview table 
(Table 3) for hands-on use in clinical 
practice, including illustrative image ex-
amples (Figs 4, 8–12).

Figure 8

Figure 8: Images in a 85-year-old man with a recent occlusion of the left MCA, successfully treated 
with mechanical thrombectomy. A, Intra-arterial digital subtraction angiogram obtained directly before 
the mechanical thrombectomy procedure shows an acute cut-off in the MCA (arrow). B, 7-T T1-weighted 
magnetization-prepared inversion-recovery TSE image shows clear VW enhancement in the MCA at the 
location of the M1-M2 segment (arrow), where the thrombectomy device removed the occluding thrombus.

Figure 9

Figure 9: VW images in a 47-year-old man with a clinically proven primary angiitis of the central nervous 
system. Although biopsy findings were inconclusive, digital subtraction angiography showed extensive central 
and peripheral segmental arterial narrowing. A, C, 3-T coronal maximum intensity projections of 3D TOF MR an-
giography and, B, D, 3-T transverse postcontrast T1-weighted VW images (voxel size, 0.5 3 0.5 3 1.0 mm3) at 
presentation (A, B) and 7 months after immunosuppressive therapy (C, D). At presentation, TOF MR angiogram 
shows multisegmental luminal narrowing in the PCA and MCA (respective black and white arrowheads on, A) 
and left distal ICA (right arrow), while the corresponding VW images (voxel size, 0.5 3 0.5 3 1.0 mm3) (B, D) 
show more extensive disease, with clear concentric VW enhancement of the left distal ICA A1-M1 bifurcation 
(right arrow), as well as the right distal ICA (left arrow). After therapy, a reduction in the multisegmental luminal 
narrowing can be seen on the TOF MR angiogram (respective black and white arrowheads on, C ), while T1-
weighted VW image shows resolution of VW enhancement in both distal ICAs (arrows).
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on dephasing during the echo train, 
with too short echo train lengths flow 
suppression will inevitably decrease.

Next to improvements in pulse 
sequence design, hardware improve-
ments may also show promise in VW 
imaging. Recently, an advanced coil 
system for joint intracranial and ex-
tracranial VW imaging has been devel-
oped (66). This coil system provides 
the opportunity to image both intra-
cranial and extracranial arteries at 
once for an optimal assessment of the 
association of carotid and intracranial 
atherosclerotic plaques and ischemic 
stroke within a reasonable imaging 
time (5 minutes 54 seconds to 7 mi-
nutes 36 seconds).

Acquisition time.—Efficient k-space 
sampling trajectories (view-ordering) 
in combination with parallel imaging 
techniques have been described to 

CSF suppression techniques (DANTE 
[19,20,65], antidriven-equilibrium 
[32,33]), in combination with various 
2D and 3D acquisition methods with 
different coverage, need to be com-
pared in the upcoming years.

Spatial coverage.—At 3 T, most 
sequences are limited to a region that 
covers either the circle of Willis or the 
(known) stenotic VW lesion, with a few 
surrounding centimeters. An option for 
“increasing coverage” is to acquire the 
VW images in a more angulated co-
ronal plane and include the proximal 
vertebral arteries, as we generally do 
with our 3-T sequence. “Real” whole-
brain coverage–that is, increasing the 
FOV–benefits from nonselective pulses 
(shorter echo spacing in TSE trains), 
2D sensitivity encoding, and no need 
for oversampling (48). However, be-
cause flow suppression is often based 

Future Prospects

Technical Developments
As discussed in the previous para-
graphs, the difficulty in intracranial 
VW imaging is that ideally, one strives 
for a maximum spatial resolution to 
detect lesions of the small intracranial 
arterial VWs and maximum suppres-
sion of both blood signal within and 
CSF signal surrounding the arteries. 
Both will significantly increase acquisi-
tion time. For clinical implementation, 
acquisition time reduction is necessary 
to perform both pre- and postcontrast 
VW imaging within a clinical MR im-
aging time slot (approximately 25–35 
minutes), without a substantial de-
crease in SNR and CNR of the arterial 
VW. Innovative methods for reduc-
ing acquisition time (eg, compressed 
sensing [63,64]), as well as different 

Figure 10

Figure 10: 7-T transverse T1-weighted magnetization-prepared inversion-recovery TSE (A, D), whole-brain T1-weighted (B, E), and T2-
weighted magnetization-prepared inversion-recovery TSE images (C, F ) in a 31-year-old man with Moyamoya disease. The VW of the left distal 
ICA (left white arrow in A–C ) is slightly more hyperintense compared with the right distal ICA (right white arrow in A–C ) and basilar artery (black 
arrow in A–C ). Both distal ICAs are relatively narrow compared with the basilar artery. D–F, Left MCA is seen to be almost occluded with VW 
thickening (arrowhead). The VWs of the P1 segment of the PCA are also visible (arrows). (Reprinted, with permission, from reference 48.)
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In current protocols, several imaging 
parameters can be varied to counterbal-
ance the relatively long acquisition time, 
such as the oversample factor, TSE train 
length, and image acceleration by paral-
lel imaging such as sensitivity encoding 
that leads to a change in imaging time 
(1,21,31,40). However, all of these tech-
niques sacrifice spatial resolution and/or 
SNR in the process or need more ad-
vanced hardware (eg, a higher number 
of receiver coils or multiband imaging) 
to overcome the inevitable cost in image 
quality.

Clinical Considerations
Because no standard of reference in 
vivo method for intracranial arte-
rial VW disease is available, histo-
logic validation of intracranial VW 
imaging is essential. Since no tissue 
can be obtained while the patient is 
alive–compared with, for example, 
endarterectomy samples in carotid 
artery disease–validation can only be 
performed in postmortem studies. A 
series of postmortem validation stud-
ies has been performed at 7 T by us-
ing ex vivo circle of Willis specimens 
from patients with and without a his-
tory of cerebrovascular disease, as 
well as from patients with intracranial 
aneurysms (47,67–71). These studies 
found clear correlations between VW 
and atherosclerotic plaques detected 
on VW images and histopathologic 
findings, best seen on T1-weighted 

data and, thus, shorter imaging times. 
Compressed sensing needs yet to be in-
vestigated for intracranial VW imaging 
but might be a way to further reduce 
the acquisition time (63,64).

reduce acquisition time in 3D TSE se-
quences, while the trajectories can also 
be optimized for reduced T2 weighting 
(17,23). Compressed sensing allows im-
age reconstruction from fewer k-space 

Figure 11

Figure 11: A–C, 7-T transverse VWI images in a 44-year-old woman with a spontaneous dissection of 
the left ICA, imaged 4 days after symptom onset. A, B, Precontrast (A) and postcontrast (B) T1-weighted 
magnetization-prepared inversion-recovery TSE images show a tapering of the lumen and VW enhancement 
(arrow) of the left distal ICA. C, Diffuse concentric VW enhancement and a dissection flap are seen on the 
postcontrast image more proximally in the left distal ICA at the skull base (arrow). D, Tapering of the distal 
ICA can also be appreciated on a CT angiogram, reformatted in the same orientation as, A, and, B.

Figure 12

Figure 12: 7-T precontrast sagittal (A) and coronal (B) T1-weighted magnetization-prepared inversion-recovery TSE images of an anterior communicating artery 
aneurysm. The aneurysm wall shows a variation in wall thickness: The left lateral side and top of the aneurysm can be seen to have a thicker wall (white and black 
arrowheads), while the right lateral and anterior part of the aneurysm show a thinner wall (white and black arrows). C, 7-T maximum intensity projection of 3D TOF 
MR angiography shows the corresponding anatomic geometry of the aneurysm (arrowheads).
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on VW images.
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