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Comparison of 3T Intracranial Vessel Wall MRI Sequences
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ABSTRACT

BACKGROUND AND PURPOSE: Intracranial vessel wall MR imaging plays an increasing role in diagnosing intracranial vascular diseases. For
a complete assessment, pre- and postcontrast sequences are required, and including other sequences, these result in a long scan duration.
Ideally, the scan time of the vessel wall sequence should be reduced. The purpose of this study was to evaluate different intracranial vessel
wall sequence variants to reduce scan duration, provided an acceptable image quality can be maintained.

MATERIALS AND METHODS: Starting from the vessel wall sequence that we use clinically (6:42 minutes), 6 scan variants were tested (scan
duration ranging between 4:39 and 8:24 minutes), creating various trade-offs among spatial resolution, SNR, and contrast-to-noise ratio. In total,
15 subjects were scanned on a 3T MR imaging scanner: In 5 subjects, all 7 variants were performed precontrast-only, and in 10 other subjects, the
fastest variant (4:39 minutes) and our clinically used variant (6:42 minutes) were performed pre- and postcontrast.

RESULTS: The fastest variant (4:39 minutes) had higher or comparable SNRs/contrast-to-noise ratios of the intracranial vessel walls
compared with the reference sequence (6:42 minutes). Qualitative assessment showed that the contrast-to-noise ratio was most sup-
pressed in the fastest variant of 4:39 minutes and the variant of 6:42 minutes pre- and postcontrast. SNRs/contrast-to-noise ratios of the
fastest variant were all, except one, higher compared with the variant of 6:42 minutes (P < .008). Furthermore, the fastest variant (4:39
minutes) detected all vessel wall lesions identified on the 6:42-minute variant.

CONCLUSIONS: A 30% faster vessel wall sequence was developed with high SNRs/contrast-to-noise ratios that resulted in good visibility
of the intracranial vessel wall.

ABBREVIATIONS: CNR = contrast-to-noise ratio; DANTE = delay alternating with nutation for tailored excitation; PD = proton density; SENSE = sensitivity

encoding; VIRTA = volumetric isotropically reconstructed turbo spin-echo acquisition; VISTA = volumetric isotropic turbo spin-echo acquisition

H igh-resolution intracranial vessel wall MR imaging plays
an increasing role in diagnosing intracranial vascular dis-
eases.”” The main advantage of this imaging technique compared
with lumen-based methods such as CT angiography and digital
subtraction angiography is the visualization of the vessel wall it-
self, including the detection of vessel wall lesions that do not nec-
essarily show (or only subtle) luminal narrowing.”” Intracranial
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vessel wall imaging can be used for the detection and character-
ization of plaque burden in intracranial atherosclerotic disease,
which is known to be one of the most important contributing
factors to ischemic stroke and may be detected at an early
stage.®'* It can also be helpful in the differentiation of other vas-
cular diseases, such as vasculitis and reversible vasoconstriction
syndrome, with, for instance, visualization of vessel wall enhance-
ment.'' Furthermore, intracranial vessel wall imaging may aid in
the diagnosis of aneurysm rupture and intracranial dissection,
though this is less supported in the literature.'*'*

Intracranial vessel wall MR imaging requires high spatial res-
olution to visualize the thin vessel wall and potential accompany-
ing vessel wall lesions. Currently, most 3D-acquired vessel wall
sequences use a voxel size between 0.4 and 0.7 mm, though this is
larger than the normal diameter of the intracranial vessel walls.”'>
In addition, a high signal-to-noise ratio and contrast-to-noise-
ratio (CNR) are required to delineate the vessel wall from sur-
rounding tissue (ie, blood, CSF, and parenchyma).">'® At higher
magnetic field strengths, a higher spatial resolution and/or SNR
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Table 1: Scan parameters of the acquired scan variants

TIWI VISTAY PD,, VISTA TIWI VIRTAC TIWI VIRTA TIWI VISTA TIWI VISTA TIWI VIRTA

Variant 1 Variant 2* Variant 3° Variant 4 Variant 5¢ Variant 6 Variant 7
Scan duration (min) 824 7:50 6:42 6:01 5:52 5:49 4:39
TR/TE (ms) 1500/38 2000/40 1500/37 1500/40 1500/40 1500/38 1500/40
FOV (mm?) 200 X 166 X 45 200 X 166 X 45 200 X 166 X 45 200 X 166 X 45 200 X 166 X 45 200 X 166 X 45 200 X 166 X 45
Acquired voxel (mm?) 0.5X0.5X05 05X 05X 05 0.6 X 0.6 X 1.0 05X 05X10 0.5X0.5X05 0.6 X 0.6 X 0.6 05X 05X10
Reconstructed voxel (mm?) 05X05X05 05X05X05 05X05X05 05X05X05 05X05X05 06X06xX06 05xX05X05
Oversample factor 1.8 12 1.8 1.8 12 18 1.8
SENSE reduction factor 15 2 15 2 2 15 2
Overcontiguous slices No (90) No (90) Yes (90) Yes (90) No (90) No (75) Yes (90)
TSE + startup echoes 56 +3 60 +5 56 +5 56 +5 60 +5 56 + 4 56 +5
Turbo direction Radial Radial Y-axis Radial Radial Radial Radial
Refocusing control (e Cemas) 30/120 50/120 25/120 50/120 50/120 30/120 50/120
Readout bandwidth (Hz) 607.6 358.6 7321 360.1 358.6 753 360.1
Reference tissue T1/T2 (ms) 1200/80 1200/100 1200/100 1200/100 1200/100 1200/80 1200/100
Anti-DRIVE Yes No Yes No No Yes Yes
Elliptic k-space shutter Yes Yes No No Yes Yes Yes

Note:—a,,/ &, indicates a minimum and maximum; PD,, proton density—weighted; Anti-DRIVE, anti-driven equilibrium.

2 Adjusted from Qiao et al.”?

5 Currently used in our clinic.

< Adjusted from Qiao et al'’” with a shorter TR.
9 Philips Healthcare.

can be achieved. Therefore, vessel wall MR imaging is currently
performed at 3T and higher field strengths. However, with high
spatial resolution, the SNR is still limited and the total scan dura-
tion is long. Recently published intracranial vessel wall MR imag-
ing sequences have scan durations ranging from 5.0 to 10.2
minutes.'®>* To assess vessel wall lesions, one needs pre- and
postcontrast acquisitions to evaluate contrast enhancement of the
vessel walls. For a complete examination, other sequences, such as
time-of-flight MR angiography, diffusion-weighted imaging, and
T2 fluid-attenuated inversion recovery images may also be
needed, resulting in a long total scan duration. With longer scan
durations, motion artifacts may increase, especially in neurolog-
ically impaired patients. Ideally, total scan duration of the pre-
and postcontrast vessel wall sequence should be reduced without
sacrificing image quality. In this study, SNR and CNR of 1 earlier

reported intracranial vessel wall sequence”**

were compared
with 6 variations, which include another previously reported se-
quence,'” with different trade-offs among scan duration, resolu-
tion, and contrast. Subsequently, pre- and postcontrast images of
the fastest vessel wall variant were compared with the current

variant used in our daily clinical practice.**

MATERIALS AND METHODS

Participants

Fifteen subjects were included in this study. In 5 subjects (4 men;
mean age, 37 years; range, 2854 years), all 7 scan variants were per-
formed (precontrast only). Additionally, precontrast and postcon-
trast comparisons were performed in 10 other subjects (9 men; mean
age, 53 years; range, 24—68 years). Approval for this study was ob-
tained from the institutional review board of University Medical
Center Utrecht. The 10 volunteers who received contrast agent were
part of the Posterior Intracranial Vessel Wall Imaging (PIVI) and
Intracranial Vessel Wall Imaging (IVI) studies (NTR5688 and
NTR2119, respectively, www.trialregister.nl). All subjects gave writ-
ten informed consent.

Imaging Protocol
We used a 3T MR imaging system (Achieva; Philips Healthcare,
Best, the Netherlands) with an 8-channel phased array sensitivity

encoding (SENSE) head coil. All vessel wall sequences consisted of
a 3D fast turbo spin-echo sequence and NEX of 1. Starting from
our earlier described vessel wall sequence (variant 3 in Table 1),*
6 different variants were created, of which one is previously de-
scribed (variant 2)."” In the scan protocol of the precontrast-only
acquisitions, the sequence acquisition order was equal in each
subject (consecutively, variants 2, 5, 3, 4, 7, 1, and 6; Table 1).
Variant 3 was used as a reference sequence for the 6 different
precontrast-only acquisitions. Various trade-offs were created
among contrast (TR, antidriven equilibrium), spatial resolution
(voxel-size, elliptic k-space shutter), SNR (oversample factor in
the phase-encoding direction, SENSE reduction factor, readout
bandwidth, overcontiguous [overlapping] slices, TSE-train flip
angle refocusing control), and scan duration (Table 1). All vessel
wall scans were repeated with the radiofrequency and gradient
turned off for sampling noise images from the receiver coil ele-
ments, including image-reconstruction effects such as elliptic k-
space shutter and parallel (SENSE) reconstruction sensitivities. The
noise images were accelerated by leaving out the delay after each TSE
train to the next (turned off) excitation. The total scan session took 65
minutes and included the preparation phase, TOF-MRA (acquired
voxel size, 0.4 X 0.7 X 1.0 mm?’; reconstructed voxel size, 0.36 X
0.36 X 0.5 mm?; acquisition time, 5:12 minutes), and the 7 vessel wall
scan variants, including their corresponding noise images. For the
vessel wall sequences, the FOV was planned in a transverse/oblique
orientation, which covered all large cerebral arteries of the circle of
Willis.

In addition, in 10 other subjects, precontrast and postcontrast
images were acquired of our earlier published and clinically used
variant 3, which had good CSF suppression, and the fastest, vari-
ant 7 (consecutively, variants 3 and 7 in 8 subjects and consecu-
tively, variants 7 and 3 in 2 subjects). We have chosen to compare
the fastest variant, variant 7, with our clinically used variant for
clinical and practical purposes. Before acquisition of the postcon-
trast sequences, a gadolinium-containing contrast agent (gad-
obutrol, Gadovist, 1.0 mmol/mL; Bayer Schering Pharma, Berlin,
Germany) was administered intravenously. The total scan session
took 45 minutes and included, consecutively, the preparation
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FIG 1. ROIs used in the magnitude images for calculating the signal-to-noise ratios. A, The cir-
cumferential of both carotid arteries (1) was used as a marker for the carotid vessel wall that runs
through the suprasellar cistern, which was used as marker for CSF (ll). B, The circumferential of the
basilar artery (I) was used as marker for the basilar vessel wall that runs through the pontine
cistern, which was used as second marker for CSF (ll). For the pituitary stalk, a homogeneous
hyperintense part of the center was used (lll). In the lumen of the middle cerebral artery, an ROI
was drawn as a marker for blood (1), and in the left orbital gyrus, an ROl was drawn as marker for
brain tissue (V). The ROIs are drawn for illustrative purposes, and the exact contours may differ in

the real measurements, depending on patients’ specific anatomies.

phase with the survey scans; TOF-MRA precontrast vessel wall
sequences; postcontrast DWT; postcontrast vessel wall sequences
(acquired ~20 minutes after the precontrast vessel wall se-
quence), including noise images; and finally, a postcontrast T2
FLAIR sequence.

Image Analysis

The mean signal and SD of the noise (SDy,;..) were obtained
from the axial plane of the vessel wall images and noise images
(magnitude), respectively. ROIs for the mean signal (meanyg,)
were manually drawn as follows: CSF was marked in the supra-
sellar and pontine cisterns for the intracranial internal carotid
arteries and basilar artery, respectively; blood was marked in the
lumen of the middle cerebral artery; brain tissue was marked in
the left orbital gyrus; and the vessel wall was represented by the
circumferential of the intracranial internal carotid arteries (left
and right) and basilar artery (within the same slice number as the
ROIs for CSF, Fig 1). In the 10 subjects who received contrast
agent injection, a homogeneous hyperintense part of the center of
the pituitary stalk was used as the ROI to compute the mean as a
consistent marker for contrast enhancement (Fig 1). To compute
the SD of the noise images, a larger circular ROI was drawn on the
noise images, encompassing the ROIs used to compute the mean.
The SNR was calculated as SNR = Meang,; / SD for each
subject and subsequently averaged for all subjects included in the
comparison. The CNRs were calculated as CNR,_, = SNR, —
SNR,. As a measure of motion, vessel wall sequences were coreg-

Noise

istered to the prior acquired sequence to calculate the registration
parameters (ARotation and ATranslation), using the Elastix tool-
box in MeVisLab (Version 2.7; MeVis Medical Solutions, Bre-
men, Germany).>>

An expert neuroradiologist (J.H., with >15 years of experi-
ence), specialized in intracranial vessel wall imaging, assessed
both pre- and postcontrast vessel wall images in multiple planes
for image quality, which includes the visibility of the arterial vessel
wall, the suppression of blood and CSF, and the existence of arti-
facts (slow-flow, motion, and free induction decay artifacts). The
images of the 10 subjects who received contrast agent injection
were also assessed for the presence of vessel wall lesions, including

m4 Lindenholz Jun 2018 www.ajnr.org

location and configuration (eccentric
or concentric) and contrast enhance-
ment, using methods previously de-
scribed.”**° All scans were blinded and
randomly ordered before assessment.
When a lesion was found in only one of
the variants, the location was re-exam-
ined in the other variant to check
whether the lesion could be identified
retrospectively. Furthermore, the vessel
wall images were cross-correlated with
the TOF-MRA images for a correct inter-
pretation of the specific arteries, the po-
tential vessel wall lesions, and the lumen
of the artery. Included vessels were the an-
terior cerebral arteries (Al and A2 seg-
ments), distal intracranial internal carotid
arteries (clinoid or C5 and cavernous or
C4 segments), middle cerebral arteries
(M1, M2, and M3 segments), posterior cerebral arteries (P1 and P2
segments), the distal intracranial basilar artery, and distal intracranial
vertebral arteries.

Statistical Analysis

All statistical comparisons were conducted using SPSS statistics
(Version 21; IBM, Armonk, New York). Pairwise comparisons
were performed between the clinically relevant SNRs and CNRs of
the reference variant and the 6 other variants using generalized
estimating equations to account for repeated measures on the
same subjects. A Friedman test was performed for differences in
SNR and CNR between both precontrast and postcontrast images
of variants 3 and 7. A post hoc analysis with the Wilcoxon signed
rank test was conducted with a Bonferroni correction applied to
correct for multiple comparisons. A P value < .008 was consid-
ered significant.

RESULTS

All 15 subjects underwent the MR imaging successfully. The qual-
ity of all images was sufficient to be used for analysis. Image as-
sessment was not hampered by motion artifacts in any of the
scanned subjects.

Comparison of all 7 Scan Variants

Typical images of the 7 vessel wall scan variants are shown in Fig 2
(axial plane), Fig 3 (sagittal plane), and On-line Fig 1 (coronal
plane). The images show clear differences among the variants in
contrast and visibility of the vessel wall. Qualitative assessment of
the images in the axial plane shows poor visibility of the vessel wall
in variants 1 (8:24 minutes) and 6 (5:49 minutes), acquired with
an isotropic voxel size. Variants 4 (6:01 minutes) and 7 (4:39
minutes), which were acquired with an anisotropic voxel size, had
higher qualitative assessment scores compared with the other
variants. Qualitative assessment of the axial, sagittal, and coronal
images showed that CSF was most suppressed in variants 3 (6:42
minutes) and 7 (4:39 minutes). These 2 variants are compared
before and after contrast administration in the next paragraph
(Table 2). Variant 1 (8:24 minutes) also had an adequate CSF



FIG 2. Sample images in the axial plane of the 7 different scan variants performed at 3T (precontrast, in order of decreasing scan duration). Both
distal intracranial internal carotid arteries (white arrowheads) with the bifurcation of the posterior communicating artery are depicted,
surrounded by CSF. 7, TIWI VISTA variant 1(8:24 minutes). 2, Proton density—weighted VISTA variant 2 (7:50 minutes), adjusted from Qiao et al.””
3, TIWI VIRTA variant 3 (6:42 minutes). 4, TIWI VIRTA variant 4 (6:01 minutes). 5, TIWI VISTA variant 5 (5:52 minutes), adjusted from Qiao et al'’ with
a shorter TR. 6, TIWI VISTA variant 6 (5:49 minutes). 7, TIWI VIRTA variant 7 (4:39 minutes).

FIG3. Sampleimages in the sagittal plane of the 7 different scan variants performed at 3T (precontrast, in the order of decreasing scan duration).
The right MCA (black arrowheads) is depicted in all images, surrounded by CSF and brain parenchyma. 7, TIWI VISTA variant 1(8:24 minutes). 2,
Proton density—weighted VISTA variant 2 (7:50 minutes), adjusted from Qiao et al.”” 3, TIWI VIRTA variant 3 (6:42 minutes). 4, TIWI VIRTA variant
4(6:01 minutes). 5, TIWI VISTA variant 5 (5:52 minutes), adjusted from Qiao et al' with a shorter TR. 6, TIWI VISTA variant 6 (5:49 minutes). 7, TIWI

VIRTA variant 7 (4:39 minutes).

suppression, but the axial and sagittal images had an overall gran-
ular appearance, which made assessment and delineation of the
vessel wall with the surrounding CSF challenging. This granular
appearance was also seen to a lesser extent in variants 5 (5:52
minutes) and 6 (5:49 minutes), but with worse CSF suppression.
In the axial plane, the vessel wall was best seen in variants 2 (7:50
minutes), 3 (6:42 minutes), 4 (6:01 minutes), and 7 (4:39 min-

utes). In both the sagittal and coronal planes, the vessel wall is
of the highest quality in the isotropic variant 2 (7:50 minutes),
though the contrast with the surrounding CSF is less, which
makes delineation of the outer margins of the vessel wall more
difficult. Due to the granular appearance, the perpendicular
visibility (sagittal plane) of the middle cerebral artery was poor
in variants 1 (8:24 minutes) and 6 (5:49 minutes). In the aniso-
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Table 2: SNRs and CNRs of the precontrast and postcontrast scan variants 3 and 7°

Precontrast Postcontrast

TIWI VIRTA TIWI VIRTA TIWI VIRTA TIWI VIRTA

(Variant 3)° (Variant 7) P Value (Variant 3)° (Variant 7) P Value
SNRygsue” 280*18 405+ 34 0058 27.9+13 424+28 0058
SNR_orid vessel wall’ 153 +14 208 +27 0058 72+09 264+ 40 0058
SNRy _silar vessel wall 13.0*14 159 =17 .0058 134+24 19.2 =18 .0058
SNR; praseliar sk 91%£20 N9 *22 .0078 n3+07 141*24 .013
SNR ntine csF 59 21 80=*20 .0078 65*18 N2+26 .0078
SNRy 00 3.6 0.6 54 %12 .0058 38*05 63*14 .0078
SNR vuitary gland 230+ 34 334+ 47 0058 333+35 495+ 67 0058
CNR_4rotid vessel wall_CSF 61*16 9.0 %15 .0058 6.0*+07 123*+3.6 .0078
CNRy,silar vessel wall_CSF-. 72*14 79 14 .059 70*20 80*+19 .285
CNR . otid vessel wall_blood" n.6+13 155+ 29 013 13.5*10 201+38 .0078

“Data are mean and SD calculated in 10 subjects. A Wilcoxon signed rank test was used to compare the differences between precontrast variants 3 and 7 and postcontrast
variants 3 and 7 (additional statistical comparisons are shown in On-line Table 2).

5 Tissue ROl is located at the left orbital gyri.

¢ The mean of the left and right distal intracranial internal carotid arteries.

9 Suprasellar CSF is used as reference.

€ Pontine CSF is used as reference.

f Currently used in our clinic.

8 Statistically significant (P <.008).

Mean of SNR (+ SD) of the 7 variants (n=>5) Mean of CNR (+ SD) of the 7 variants (n=>5)
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FIG 4. Barplots showing the mean and SD of the clinically relevant SNRs and CNRs of all 7 vessel wall imaging variants. The means and SDs are
calculated for 5 subjects The mean of the left and right intracranial internal carotid arteries was used for the carotid vessel wall. The asterisks
indicate a significant difference compared with reference variant 3 (corrected P value for multiple comparisons, P < .008) using generalized

estimating equations to account for repeated measures on the same subjects. VW indicates vessel wall.

tropic variants 3 (6:42 minutes), 4 (6:01 minutes), and 7 (4.39
minutes), the vessel wall could be delineated in the sagittal
plane, but the overall appearance was blurrier (Fig 3). All vari-
ants had sufficient blood suppression without flow artifacts,
which could have limited assessment in the large intracranial
arteries.

The mean SNRs and CNRs of the clinically most relevant re-
gions (ie, the basilar and carotid vessel walls and the surrounding
CSF) are shown in Fig 4, including the statistical comparisons
with reference variant 3. The SNR and, more important, the cal-
culated CNR results for all variants are shown in On-line Table 1.
Relatively high SNRs of the vessel wall were measured for variants
2 (7:50 minutes), 4 (6:01 minutes), and 7 (4:39 minutes). In these
3 variants, the SNR of the intracranial internal carotid vessel wall
was >21, and the SNR of the basilar vessel wall, >15. All 7 variants
showed good blood signal suppression, which resulted in most
variants having a relatively high CNR between blood and the in-
tracranial internal carotid artery vessel wall (CNRs ranging from
5.7 to 23, On-line Table 1). All except 1 variant performed bor-
derline in the CNRs of the carotid vessel wall and the surrounding
CSF (ranging from 1.3 to 3.2). Variant 7 had the highest CNR
between the carotid vessel wall and the surrounding CSF (4.8). All

me Lindenholz Jun 2018 www.ajnr.org

variants performed better in the CNRs between the basilar artery
vessel wall and CSF, which were comparable in 6 of 7 variants
(ranging from 3.6 to 5.3); only variant 4 (6:01 minutes) had a
higher CNR (8.4) but also a large SD (3.9, Fig 4).

Comparison of Variant 3 (6:42 minutes) versus 7

(4:39 minutes)

The average SNRs and CNRs of both precontrast and postcontrast
images of variants 3 and 7 are shown in Table 2. Comparing SNRs
and CNRs of the precontrast and postcontrast scans (Table 2) for
variants 3 and 7 showed that tissue, the basilar vessel wall, supra-
sellar CSF of only variant 7, pontine CSF, and blood SNR did not
differ significantly (all P values > .008, On-line Table 2), while
the SNR of the carotid vessel wall of variant 7 (P = .005) and
the CNRs between the carotid vessel wall and CSF (P = .005
and .007 for variants 3 and 7, respectively) tended to be higher
for the postcontrast images. Significant differences for the
SNR i uitary glana Were expected because of a strong enhancing
pituitary gland on postcontrast images. For both precontrast and
postcontrast vessel wall images, the SNRs and CNRs of variant
7 (4:39 minutes) were higher than those of variant 3 (6:42 minutes).
These differences were all significant (P < .008), except for the



FIG 5. Matching vessel wall lesions of the distal vertebral arteries (white arrowheads) seen
before and after contrast with variant 3 (6:42 minutes; A—C) and variant 7 (4:39 minutes; D—F) in a
59-year-old man with multiple cardiovascular risk factors. Subtle (concentric) wall thickening is
seen in both the left and right vertebral arteries before contrast (A and D), with clear contrast
enhancement on the postcontrast image (B and E). Variant 3 (6:42 minutes, B and C) was acquired
approximately 2 minutes after contrast injection, and variant 7 (4:39 minutes, E and F), approxi-
mately 9 minutes after contrast injection. Some patient motion was seen in the postcontrast
series of variant 7. Postcontrast transverse images of variants 3 (C) and 7 (F) show clear vessel wall

enhancement in both vertebral arteries (white arrowheads).

SNR(praseitar csi Of variant 7, the CNRy i, wan_csr Of both variants
(P=.059and P = .285), and the CNR
3 (P = .013) (Table 2).

Qualitative assessment of both precontrast and postcontrast

blood Of Variant

carotid vessel wall—

vessel wall images in multiple planes showed that in all subjects,
the vessel wall could be delineated for both sequences (Fig 5).
Overall, variant 7 (4:39 minutes) was slightly more affected by free
induction decay artifacts in the outer regions of the FOV and
slow-flow artifacts, but this finding did not affect the assessment
of the large intracranial arteries. In 1 subject, variant 7 (4:39 min-
utes) showed small motion artifacts, but they did not have an
influence on the assessment. Sixteen vessel wall lesions were iden-
tified in variant 3 (6:42 minutes), and 19, in variant 7 (4:39 min-
utes). In 4 of 10 subjects, no vessel wall lesions were detected.
Vessel wall lesions (on the basis of the 19 detected vessel wall
lesions) were found in the carotid arteries (n = 3), middle cerebral
arteries (n = 2), vertebral arteries (n = 10), basilar artery (n = 3),
and posterior cerebral artery (n = 1), of which 12 were enhancing
(a full description of all lesions is found in On-line Table 3). All 16
lesions identified in vessel wall variant 3 (6:42 minutes) matched
vessel wall lesions identified in variant 7 (4:39 minutes) (Fig 5).
One vessel wall lesion was reported as eccentric in variant 3 and
concentric in variant 7, and 1 lesion, as enhancing in variant 3 and
nonenhancing in variant 7. Three lesions were missed with vessel
wall variant 3: one lesion located at the bifurcation of the basilar
artery P1, one at the left internal carotid artery, and 1 at the left
vertebral artery.

DISCUSSION
The purpose of this study was to evaluate different variants of MR
imaging sequences for intracranial vessel wall imaging to reduce

scan duration, provided that an accept-
able image quality could be maintained.
In the precontrast comparison, the fast-
est one, variant 7 (4:39 minutes), had a
significantly higher CNR between the
vessel wall and blood, compared with
variant 3, while it was about 30% faster.
Also, the CNR between the vessel wall
and CSF was better for variant 7 com-
pared with variant 3. The favorable
SNRs and CNRs of variant 7 also re-
mained in the second comparison in
which both precontrast and postcon-
trast images were acquired and were
higher compared with our clinically
used variant 3 (Table 2). Especially in the
elderly population, the superior contrast
between the vessel wall and CSF can be
beneficial. In the aging brain, tissue at-
rophy increases and consequently the
intracranial vessels are more richly sur-
rounded by CSF.

The quality of an MR image is a bal-
ance of resolution, SNR/CNR, and scan
duration. A gain in 1 aspect results in a
sacrifice of another. The ideal balance is
difficult to determine and depends on the specific application and
the clinical question to be answered. Several pulse sequence opti-
mizations have been developed to address these technical chal-
lenges.'”"'**"*° For high CNR of the vessel wall, both blood and
CSF need to be simultaneously suppressed.' 3D variable flip angle
refocusing pulse sequences are used because of their high intrinsic
black-blood properties and the ability to generate multiplanar
reformatted images, but they have less effect on the slow-flowing
CSF.'7192227 For better CSF suppression, proton density—
weighted imaging with radial ordering modulation of the k-space
(short TE),"” anti-driven equilibrium,"®**?® or prepulses such as de-
lay alternating with nutation for tailored excitation (DANTE)'”*"*°
and inversion recovery’® have been proposed.

In 4 of 7 variants, the anti-driven equilibrium technique was
used. This technique drives the magnetization back to the nega-
tive M, -axis by further radiofrequency excitation and results in
more adequate CSF suppression.'®***” A second possibility to
improve image contrast between the vessel wall and CSF is the use
of a DANTE prepulse.'”*"*> When one applies DANTE pulse
trains, the longitudinal magnetization of static tissue largely re-
mains but flowing spins are suppressed due to a spoiling effect.>”
This suppression is less for slow-flowing fluid, especially below 0.1
cm/s; therefore, DANTE will be less useful for CSF suppression
around the distal cerebral arteries. The DANTE prepulse also im-
proves the suppression of blood, notably for slow and turbulent
flow. Slow flow is a well-known pitfall in the assessment of vessel
wall imaging.” In the current study, the postcontrast vessel wall
showed a higher SNR/CNR compared with the precontrast vessel
wall, which may suggest slow-flow. Another explanation that may
have led to higher SNRs of the postcontrast vessel walls is contrast
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absorption into the vessel wall itself. The flow artifacts seen in
variant 7 may be a potential problem, and a DANTE prepulse
might be a viable addition for more effective blood suppression. A
third option to improve the contrast between the vessel wall and
surrounding tissue is using inversion recovery.’® This tech-
nique is mainly applied in 2D acquisitions; however, reports
have also been published with 3D acquisitions on a 7T MR
imaging system.”’

Generally, a lower minimum refocusing angle results in better
flow suppression but also in a lower SNR. Because of the higher
minimum refocusing angles in the TSE train of vessel wall variants
2,4, 5, and 7, they may yield more SNRs but probably at the cost
of blurring due to a worse point spread function.'®** This may
also partly explain the “smoother” appearance in variants 4 and 7
(Fig 2). However, these sequences do show the vessel wall clearly,
and in our opinion, radiologists often prefer blurring compared
with images with a very narrow point spread function because this
results in more noisy images, which are more difficult to assess,
even though the true resolution is higher.

A disadvantage of variants 3, 4, and 7 might be the anisotropic
resolution in the slice direction, which makes it less beneficial for
multiplanar assessment (Figs 2 and 3)."'” In specific clinical sit-
uations, multiplanar reconstructions may be required, for exam-
ple, when assessing lesions in the middle cerebral artery. However,
in daily clinical practice, image interpretation can regularly be
performed in the axial or oblique plane alone, and in these situa-
tions, a nearly isotropic voxel size may be adequate for interpre-
tation of vessel wall images.23 2433 1y addition, the scan variants
with an anisotropic voxel size have a larger overall voxel size,
which results in a higher SNR per voxel, but they also can offer a
shorter effective scan time. On the other hand, using an anisotro-
pic voxel size potentially increases partial volume effects com-
pared with the isotropic-derived variants.”* Consequently, vessel
wall thickness might be overestimated or small lesions might be
missed. To reduce the scan duration further, we applied an elliptic
k-space shutter in 5 variants. Theoretically, this might also reduce
the image quality because in enabling the elliptic k-space shutter,
the outer part of the k-space is cut off, leading to a reduction in the
effective resolution. However, in practice, the effect may be lim-
ited, particularly because the longer scan durations needed for a
full acquisition make the images more prone to motion artifacts.
Another way to reduce scan duration is the use of 2D methods as
an alternative to 3D imaging methods. These 2D methods have
anisotropic voxels because the slice thickness is normally much
larger than the in-plane voxel size. When these slices are planned
perpendicular to the vessels, this is not a problem. However, these
2D methods have the drawback of small coverage and the need to
be focused on a limited vessel wall region. The optimal ROI may
be difficult to determine beforehand.”*”

Besides several advanced pulse sequence optimization tech-
niques, better hardware may also improve image quality. In the
current study, a relatively low number of receiver channels (8
channels) was used. Currently, up to 32 channels are commonly
used to investigate vessel wall sequences.'®>>*” Also, when one
uses a higher number of channels in the receiver coil, more pos-
sibilities such as parallel imaging might be available to reduce the
scan duration without severely compromising image quality.
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Moreover, parallel imaging, like SENSE, also performs better at
higher field strengths.”’® Another novel acceleration technique to
reduce the scan duration even further may be compressed sens-
ing.’” This technique has already shown promising results for
extracranial carotid vessel wall imaging.”®

This study has some limitations. First, the true quality of an
MR image is the result of a multidimensional trade-off among
numerous parameters. Many of the parameters are also interre-
lated and may have a combined effect on resolution, SNR/CNR,
or scan duration, and it is difficult to compare these parameters
one-to-one for true image quality. Furthermore, in the compari-
son of all 7 variants, the same order of sequences was used, which
may have led to more motion artifacts in the later scheduled
sequences. However, the extent of movement, measured in
ARotation and ATranslation between subsequent sequences, did
not increase during the acquisition time (On-line Fig 2). Also, in
the second comparison (variant 3 versus 7), contrast enhance-
ment may have been stronger due to a longer absorption time in
the latest scheduled variant (in our study mostly variant 7). How-
ever, statistical comparison (variants 3 and 7 versus variants 7 and
3) did not show any significant differences (data not shown). This
study lacked a systematic comparison among the different param-
eters to investigate the effect on image quality. Vessel wall variants
were created to reduce scan duration with the focus on the devel-
opment of a clinically usable sequence that can be incorporated
into existing scan protocols.

The second limitation is the manually drawn ROIs for mea-
suring the SNR. Although we tried to be consistent in the location,
it was not always possible to use the exact same slice number for all
variants for the SNR measurement of the vessel wall and CSF,
mainly due to intrasubject differences such as patient movement
and intersubject differences in planning and anatomy. Further-
more, due to flow effects of CSF in the basal cisterns, a better
delineation can be made of the proximal intracranial arteries
compared with the more distal intracranial arteries, where the
CSF flow is lower. In general, the SNR of the vessel wall may be
underestimated because of partial volume effects and difficulties
of manually drawing an ROI around the circumferential of the
vessel wall. This effect is even more obvious in the thinner basilar
artery vessel wall, where the measured SNRs are consistently
lower compared with the intracranial internal carotid artery vessel
wall with surrounding tissue/CSF. Also, the CSF was often more
suppressed in the pontine cistern, most likely due to a faster CSF
flow, which resulted in still comparable or even higher CNRs of
the basilar artery and CSF compared with the intracranial internal
carotid arteries and CSF (Table 2 and On-line Table 1). This partly
subjective determination of the circumferential of the vessel walls
and CSF is subject to measurement errors. However, the same
approach was used in all 7 variants; therefore, it is unlikely that it
influenced the relative differences in performance of the com-
pared variants.

Third, no histology or in vivo reference standard for vessel wall
imaging of the vessel wall lesions that were identified in this study
was available. Therefore, no validation against the ground truth
could be performed. Earlier reports already described relatively
high numbers of vessel wall lesions or atherosclerotic plaques
in asymptomatic subjects.”®***® In the current study, mostly



healthy volunteers were used for assessment of the intracranial
vessel wall. Larger patient groups, including symptomatic pa-
tients, are needed for a more thorough assessment of vessel wall
lesion visibility and contrast enhancement and, subsequently, the
true utility of the faster vessel wall variants in clinical practice.

CONCLUSIONS

In this study, a considerably faster clinically feasible vessel wall
sequence (4:39-minute scan duration) with high SNRs and CNRs
was developed, which resulted in a good visibility of the intracra-
nial vessel wall in the axial plane. Qualitative assessment showed
promising results in overall image quality and detecting vessel
wall lesions. The faster scan duration allows pre- and postcontrast
acquisition of vessel wall images with sufficient remaining scan
duration for other imaging sequences in patient studies.
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