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ABSTRACT

Diseases of the arterial wall are best diagnosed using vessel wall magnetic resonance imaging (MRI) since lu-
minal imaging does not show the extent of wall pathology. Intracranial and extracranial carotid artery pa-
thology such as atherosclerosis, dissections, vasculitis, and occlusions can lead to clinically significant events
such as stroke. Direct visualization of the arterial wall pathology using vessel wall MRI can direct clinical di-
agnosis and management. This review highlights the importance of carotid and intracranial vessel wall MRI and
their clinical applications in neurovascular pathologies. Recent developments such as the carotid Plaque-
Reporting and Data System risk scoring and intracranial vasculopathy differentiation using vessel wall MRI are
reviewed. Technical requirements of vessel wall MRI sequences for clinical diagnosis and future diagnostic
approaches such as stroke etiology reclassification are also discussed.

1. Introduction

Magnetic resonance (MR) vessel wall imaging (VWI) has dramati-
cally improved vascular disease understanding, diagnosis, and in some
instances patient care, over the past 30 years. MR VWI has been applied
to all vascular beds throughout the body, but the most extensive in-
vestigation, evidence, and clinical applications have come from neu-
rovascular MR VWI, specifically of the extracranial and intracranial
vascular beds.

Early technical development of MR VWI was focused on carotid VWI
because of the carotid plaque’s role in causing stroke and the unique
opportunity for histological validation using endarterectomy specimens
as a reference standard. Comparing pre-surgical carotid VWI to his-
tology enabled the identification of signal characteristics of plaque
components: hyperintense signal (HIS) on T1-weighted magnetic re-
sonance imaging (MRI) has been validated to correspond with the

presence of intraplaque hemorrhage (IPH) [1,2]; lipid-rich necrotic core
(LRNC) can be readily identified by its non-enhancement after gadoli-
nium contrast administration [3-5]; hypointense signal on any MR
weighting corresponds to calcification; fibrous cap integrity can be
determined on VWI and it has been validated with histology [6,7]. The
unique power of MRI for identifying IPH is of particular interest since
IPH has been associated with an increased risk of stroke and transient
ischemic attack (TIA) [8,9], as well as plaque growth [10]. Unlike
conventional luminal (angiographic) imaging techniques that primarily
focus on the degree of stenosis, VWI provides detailed characterization
of the key plaque morphological and compositional features associated
with the risk of future cerebrovascular events, establishing itself as an
avenue for comprehensive plaque evaluation with a wide-ranging
clinical potential. The advances in carotid VWI served as an impetus for
the development of intracranial MR VWI techniques. Several clinical
applications have spurred the rapid adoption of intracranial MR VWI in

Abbreviations: 3D-MERGE, 3D MSDE prepared rapid gradient echo; ASNR, American Society of Neuroradiology; BCVI, blunt cerebrovascular injury; CAIPI,
controlled aliasing in parallel imaging; CTA, computed tomographic angiography; DANTE, delay alternating with nutation for tailored excitation; DSA, digital
subtraction angiography; ESUS, embolic stroke of undetermined source; ICAD, intracranial atherosclerotic disease; IPH, intraplaque hemorrhage; LRNC, lipid-rich
necrotic core; MATCH, multi-contrast atherosclerosis characterization; MPRAGE, magnetization prepared rapid gradient echo; MRI, magnetic resonance imaging;
MSDE, motion-sensitized driven equilibrium; NASCET, North American symptomatic carotid endarterectomy trial; OR, odds ratio; PANCS, primary angiitis of the
central nervous system; Plaque-RADS, plaque reporting and data system; RCVS, reversible cerebral vasoconstriction syndrome; SNAP, simultaneous non-contrast
MRA and intraplaque hemorrhage imaging; SNR, signal-to-noise ratio; TIA, transient ischemic attack; TOAST, trial of org 10172 in acute stroke treatment; TOF, time-
of-flight; vwE, vessel wall enhancement; VWI, vessel wall imaging

* Corresponding author.
E-mail address: cyuan@uw.edu (C. Yuan).

https://doi.org/10.1016/j.jocmr.2026.102733

Received 20 June 2025; Received in revised form 25 March 2026; Accepted 13 April 2026

1097-6647/© 2026 The Author(s). Published by Elsevier Inc. on behalf of Society for Cardiovascular Magnetic Resonance. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jocmr.2026.102733
http://www.sciencedirect.com/science/journal/10976647
https://www.sciencedirect.com/journal/journal-of-cardiovascular-magnetic-resonance
https://doi.org/10.1016/j.jocmr.2026.102733
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jocmr.2026.102733&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jocmr.2026.102733&domain=pdf
mailto:cyuan@uw.edu

N. Balu, G. Canton, M. Mossa-Basha et al.

the clinic and there is now an increasing interest in MR VWI applica-
tions [11,12].

There has been significant progress of MR VWI in recent years in
terms of technical development, optimized applications in different
vascular beds, specific analysis tools for quantitative vessel wall and
atherosclerosis characterization, and potential clinical applications.
Together, these developments further strengthen the translation of VWI
to the clinic, mainly in extra and intracranial applications. While the
scope of VWI applications is broad in terms of vascular beds and new
research applications, clinical applications are expected to drive further
adoption of VWI with carotid and intracranial applications accounting
for the majority of immediate clinical VWI usage. Hence this state-of-
the-art review will only focus on extracranial and intracranial MR-
based VWI techniques and their clinical implications. Accordingly, VWI
in the context of this manuscript denotes MR VWI unless specifically
noted.

2. Clinical utilization of MR VWI

A survey of the American Society of Neuroradiology (ASNR) on the
use of MR VWI in 2019 [12] showed that nearly 52% (214/411) of the
411 groups that responded were actively using MR VWTI in their clinical
practices, including 62% (134/217) of academic and 50% (83/166) of
private practice respondents. Exactly 72% (154/214) of respondents
indicated they were using MR VWI at least 1-2 times per month, with
vasculopathy differentiation (94%, 201/213), cryptogenic stroke as-
sessment (41%, 88/213), culprit intracranial atherosclerotic disease
(ICAD) evaluation (40.5%, 84/213), and aneurysm assessment for
rupture risk (38%, 81,/213) being the most common uses. For those not
using MR VWI, the primary reasons were a lack of clinician interest
(56%, 110/194), limited interpretation expertise (53%, 103/194),
knowledge of applications (50%, 98/194), lack of time or resources for
protocol development (49%, 95/194), lack of technical support for
protocol development (45%, 90/194), lack of standardized protocols
(34%, 67/194), and long scan times (25%, 49/194). These primarily
fall into a few categories: 1) limited education and understanding of
technique value, clinical applications, and imaging interpretation, 2)
lack of existing protocols or support for protocol development, and 3)
long scan times limiting clinical implementation. Exactly 55% (124/
220) of groups who were not using MR VWI indicated that if these
obstacles were overcome, they would use the technique. Carotid vessel
wall MR, which in the corresponding extracranial carotid survey [11],
was used by 26% (107/411) of groups and most commonly for large-
artery vasculitis assessment (63%), followed by plaque instability or
IPH (61%, 55/90), and dissection detection/characterization (51%, 46/
90). The lack of clinician interest (64%, 168/263) was the most
common barrier to implementation followed by radiologist availability
for protocol development (48%, 125/263) and limited knowledge of
clinical applications (44%, 115/263) or interpretation expertise (45%,
118/263). These indicate the need for further education and awareness
among clinicians of the current clinical applications made possible by
MR VWL

3. Vessel wall MRI scanning
3.1. Carotid VWI

Carotid vessel wall MRI was built on two-dimensional (2D) black-
blood fast spin-echo imaging with the intent to cover the carotid bi-
furcation where most carotid plaques occur. Dedicated coils for carotid
MRI were required to obtain adequate signal-to-noise ratio (SNR) at the
carotid bifurcation [13,14]. With the use of carotid coils, 12 to 16 2-mm
thick axial slices can be obtained with 0.6-mm in-plane resolution
within a 3-to-5-minute scan time per contrast. Gadolinium contrast
injection is recommended for LRNC visualization [3,4]. Plaque com-
ponents can be identified based on their signal characteristics on
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different VWI contrasts. A typical 2D protocol consists of multiple
contrasts (Tlw, T2w, time-of-flight [TOF], proton density (PD)
weighted, and post-gadolinium contrast T1w) for the identification and
quantification of stenosis, fibrous cap status, IPH, LRNC, and plaque
morphology [15]. Using this combination of contrasts, [IPH can be
identified as hyperintense region relative to adjacent muscle on T1-
weighted contrasts (Tlw and TOF) and by its non-enhancement on
post-gadolinium T1w. LRNC can be identified primarily by its non-en-
hancement on post-gadolinium T1w. Calcification appears hyperintense
on all VWI contrasts. Fibrous cap status can be identified as a band
overlying LRNC on TOF and post-gadolinium T1w and the fibrous cap
status (thin, thick, or ruptured) can be ascertained in relation to the
lumen. With the increased availability of carotid coil configurations
[16-19] and commercial versions becoming available, carotid vessel
wall MRI is increasingly used clinically. Three-dimensional (3D) vessel
wall MRI sequences have also been developed to overcome the limita-
tions of 2D vessel wall MRI sequences such as low through-plane re-
solution and low SNR. 3D sequences with specialized newer black-
blood imaging techniques [20-22] are also able to provide larger cov-
erage, isotropic resolution, and good blood suppression with similar
scan times as 2D sequences. A 0.63 to 0.7 mm isotropic sequence
covering the entire extracranial carotids can be scanned within 2 min
[23] to 6 min [24] depending on the sequence and resolution. A 0.7 mm
isotropic resolution is sufficient for clinical evaluation of carotid
plaque. Multiple contrast weightings (T1w, post-gadolinium T1w, TOF,
highly T1-weighted, and T2w) are still recommended for complete
plaque component quantification. If there is a need to reduce total scan
time, then the number of sequences may be reduced based on the
clinical diagnostic need. At a minimum, it is recommended to use T1w
sequence with a post-gadolinium T1lw sequence. A highly weighted
T1w sequence should be added if IPH is of interest. T2w can be omitted
if post-gadolinium Tlw is available. While use of 3D sequences can
allow carotid vessel wall MRI without the need for dedicated carotid
coils [25], it is still recommended to use carotid coils when they are
available to enable high SNR scans since this allows reducing scan
times. According to a survey of the ASNR [11], the most frequently used
extracranial VWI sequences pre-contrast T1-weighted (88.2% (75/85))
and postcontrast T1-weighted (83.5% (71/85)), T2-weighted (49.4%
(42/85)), and 3D gradient recalled-echo (including magnetization
prepared rapid gradient echo [MPRAGE]) (44.7% (38/85)). Consensus
guidelines for both 2D or 3D protocols for carotid VWI are provided in
[15]. Below, we briefly review the key technologies that underlie those
protocols.

Plaque composition was initially characterized with a 2D carotid
VWI multi-contrast protocol consisting of T1, T2, and PD weighted fast
spin-echo sequences, combined with TOF sequence [26]. This protocol
was further optimized to visualize the vessel wall by including blood
suppression techniques that remove the blood flow signal within the
lumen and fat suppression techniques to remove the signal from sur-
rounding perivascular fat tissue. Double inversion recovery ([27]) for
single slice 2D VWI and its modification for multi-slice application
(multi-slice double inversion recovery [28]) can be used to acquire a
stack of four to eight slices with good blood suppression. The signal
features of different plaque components (IPH, LRNC, calcification and
fibrous cap integrity, loose matrix) were identified from these opti-
mized VWI protocols by comparison to histology [26].

Newer techniques have now enabled 3D carotid VWI protocols that
provide a higher through-plane resolution and the possibility of iso-
tropic voxel scans promoting clinical use of carotid VWI. The resulting
3D images can be reformatted into multiple orientations improving
vessel wall and plaque visualization (Figs. 1 and 2). 3D fast spin-echo
VWI sequences with variable flip angle trains [29] (termed SPACE
[24] [Siemens], VISTA [30] [Philips], CUBE [31] [GE] or MATRIX
[32] [United]) have some inherent blood suppression capability but
dedicated blood suppression methods provide improved blood sup-
pression. Motion-sensitized driven equilibrium (MSDE [21], also known
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3D-MERGE

SNAP

3D-MERGE SNAP

Fig. 2. Isotropic voxels of 3D-MERGE sequence allow reformatting in multiple
planes allowing review of the atherosclerotic plaque at the right carotid bi-
furcation. The corresponding reformats of the right carotid on SNAP sequence
show hyperintense signal (arrows) indicating intraplaque hemorrhage in this
plaque. Note that there is also a proximal intraplaque hemorrhage in the right
common carotid as indicated by hyperintense signal on SNAP (chevron).
3D three-dimensional, 3D-MERGE 3D MSDE prepared rapid gradient
echo, MSDE motion-sensitized driven equilibrium, SNAP simultaneous non-
contrast MRA and intraplaque hemorrhage imaging, MRA magnetic resonance
angiography.

as flow-sensitized dephasing) and delay alternating with nutation for
tailored excitation (DANTE [22]) are suited for blood suppression with
3D VWI and allow for fast 3D-MERGE [23] or DANTE prepared fast
low-angle shot [33] sequences to assess plaque morphology. IPH can be
assessed using 3D sequences without blood suppression methods such
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Fig. 1. Bilateral carotid plaques with several calcifications
(arrows) can be seen using multi-contrast 3D VWI. The iso-
tropic voxels of 3D VWI allow plaque visualization from
multiple views. Coronal reformats are shown in the upper
panel and axial reformats of the right carotid artery are
shown in the lower panel. Multiple calcifications can be seen
on the coronal reformat of the 3D-MERGE sequence (arrow
of one calcification shown on the axial 3D-MERGE). Due to
surface location of some calcifications, it may be difficult to
differentiate them from the lumen on a black-blood sequence
like 3D-MERGE (or SNAP—middle column). However, the
SNAP 12 image (reference image of SNAP acquisition) has
gray-blood contrast and allows easy identification of calci-
fications (arrows shown on SNAP I12). Axial reformat of
SNAP 12 shows the semi-ring-shaped surface calcification
clearly (arrow on axial SNAP 12). 3D three-dimensional, VWI
vessel wall imaging, 3D-MERGE 3D MSDE prepared rapid
gradient echo, @ MSDE  motion-sensitized  driven
equilibrium, SNAP simultaneous non-contrast MRA and in-
traplaque hemorrhage imaging, MRA magnetic resonance
angiography.

as MPRAGE [34] or using specialized reconstructions such as the SNAP
(simultaneous non-contrast magnetic resonance angiography and in-
traplaque hemorrhage imaging) [35] sequence. Combination of mul-
tiple 3D weighted contrasts can be achieved, such as using the MATCH
[36] sequence, but the combination sequence can have a longer scan
time than each of the separate sequences it replaces. While the inherent
registration of the image contrasts and reduction in total scan time
using combination sequences are an advantage, it must be weighed
against the potential for motion artifacts due to the longer scan time of
the combination sequence.

Gadolinium contrast injection is recommended for the identification
of LRNC. Initial studies in carotid VWI were based on T2w MRI [37].
Use of gadolinium was later shown to improve the identification of
LRNC [3,38]. Hence, if gadolinium contrast injection is feasible, T2w
contrast can be omitted. Pre- and post-contrast VWI using the same
sequence parameters enable LRNC visualization by comparing the pre-
and post-contrast signal since LRNC does not enhance after gadolinium
injection and can be identified as a non-enhancing region. Specialized
blood suppression methods (quadruple inversion recovery [39] for 2D
VWI and MSDE [21] for 3D VWI) are needed to ensure the same blood
suppression after contrast injection.

3.2. Intracranial VWI

Early publications on intracranial VWI used 2D turbo-spin echo
techniques with thin slices (2mm) and in-plane high-resolution
(0.4 mm) to assess the vessel wall [40]. These techniques were easy to
use on all MRI scanners but required focused imaging on specific ar-
terial segments. This was due to the inability to perform large field-of-
view scanning and the need to scan in multiple planes, which often
resulted in long scan times. 2D scans required radiologist involvement
to determine the appropriate scan plane but also limited lesion detec-
tion and assessment to stenotic lesions.

For these reasons, almost all institutions now rely on 3D acquisi-
tions, which provide for high through-plane resolution, with thinner
slices, and the ability to do multiplanar reconstructions with isotropic
acquisitions (Fig. 3), facilitating shorter overall scans and global cov-
erage. 3D protocols also reduce the reliance on real-time radiologist
review during scan prescription since they can provide whole brain
coverage. Most protocols use 3D variable refocusing flip angle se-
quences (known as VISTA/SPACE/CUBE/MATRIX on different scanner
platforms). These techniques possess inherent blood suppression due to
the flip angle sweep employed, making them a natural application for
intracranial VWI. After gadolinium contrast administration, however,
flow artifacts can present themselves due to gadolinium’s shortening of



N. Balu, G. Canton, M. Mossa-Basha et al.

A yo - T VT

the blood time-to-inversion. Flow suppression pre-pulses may be used
to mitigate these flow artifacts, including MSDE [21] and DANTE [22].
DANTE blood-suppressed and controlled aliasing in parallel imaging
(CAIPI)-accelerated 3D T1-weighted SPACE post-contrast intracranial
VWI has shown significant improvement in qualitative evaluation of
overall image quality, artifact, blood suppression, and motion artifact
ratings when compared to conventional T1-weighted post-contrast
SPACE intracranial VWI, however had significantly lower SNR [41].
DANTE blood-suppressed T1-weighted post-contrast SPACE showed
significant improvement in qualitative image quality, SNR, blood sup-
pression, artifact ratings, but without a significant difference in motion
artifacts relative to conventional acquisition. Combining artificial in-
telligence (AI)-denoising algorithms with DANTE-CAIPI for post-con-
trast intracranial VWI showed equivalent SNR, but significantly im-
proved image quality, blood suppression, and artifact ratings compared
to conventional post-contrast intracranial VWI [42].

Scan times for intracranial VWI protocols can be challenging (longer
than 7 min per sequence) considering the need for high resolution, in
the range of 0.4 to 0.6 mm isotropic voxel size, combined with main-
tenance of SNR for adequate arterial wall visualization [43] and whole
brain coverage. Advanced acceleration techniques can shorten scan
times [44], while mitigating SNR drop [41]. Compressed sensing ac-
celeration has also facilitated accelerated acquisition with equivalent
SNR and image quality relative to reference scans [45,46]. Novel deep-
learning denoising algorithms applied to intracranial VWI facilitate
improved or equivalent image quality at a reduced scan time [42,47].
Similar to carotid VWI, if there is a need to minimize the number of
contrasts acquired, then it is recommended to acquire a T1w sequence
with a post-gadolinium Tlw sequence at a minimum. Addition of a
highly T1w weighted sequence can aid in the detection of IPH or
thrombus [2,34,35,48]. According to a survey of the ASNR [12], the
most frequently used intracranial VWI sequences are postcontrast T1-
weighted (89.1% (188/211)), pre-contrast T1-weighted (88.6%, (187/
211)), and T2-weighted (39.3%, 83/211).

4. Clinical utilization of vessel wall MRI

For carotid VWI, there has been more than 30 years of research [13]
highlighting its value in assessing atherosclerotic plaque composition
for stroke risk stratification [15]. While carotid atherosclerosis char-
acterization is the main clinical use case for carotid VWI, it has also
found clinical value in the diagnosis of carotid webs, dissections, and
occlusions. Intracranial VWI, introduced in 1995 [49], reached broader
usage after the first 3D publication in 2010 [30] and has been used for
many clinical applications, including differentiation of intracranial
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Fig. 3. High-resolution (0.4 mm isotropic) PD
weighted DANTE VISTA of the intracranial
arteries allows reformatting in multiple planes
to view vessel wall structure. The upper panel
shows curved planar reformat along the two
middle cerebral arteries. The lower panel show
reformats axial to the vessel at the levels in-
dicated by red arrows. PD proton
density, DANTE delay alternating with nuta-
tion for tailored excitation

vascular disease [50,51], aneurysm [52] and ICAD [53] characteriza-
tion, prediction of aneurysmal subarachnoid hemorrhage complications
[54], and determination of stroke etiology [55].

5. VWI in stroke evaluation

VWI is emerging as an important tool in stroke evaluation, parti-
cularly for understanding the underlying causes of ischemic stroke and
guiding secondary prevention strategies. Since VWI provides a direct
assessment of the arterial wall compared to traditional angiography,
VWI is increasingly being adopted for detection of non-stenotic large-
artery atherosclerosis. VWI also allows differentiation of vasculopathies
recognized as probable causes of ischemic stroke, such as vasculitis and
reversible cerebral vasoconstriction syndrome (RCVS) [50,51,56-58].

5.1. Carotid VWI features in stroke patients

Carotid atherosclerotic plaques are frequently found ipsilateral to a
qualifying embolic stroke of undetermined source (ESUS) and often
presenting with high-risk features [59-63]. In a single-center stroke
registry study that included 1721 acute ischemic stroke patients [63],
the etiology of up to 16% (88/545) of cases was reclassified after
considering the presence of ipsilateral high-risk non-stenosing carotid
plaque, with 22.6% (38/168) of cardioembolic cases being reclassified
to multiple potential etiologies and 20.8% (41/197) of ESUS cases
being reclassified to large-artery atherosclerosis. High-risk carotid pla-
ques are also more often found in the ipsilateral than the contralateral
carotid artery in patients with cerebral ischemic symptoms of known
cause [64]. In fact, several studies that include cryptogenic (not ne-
cessarily ESUS) stroke patients have shown that non-stenosing carotid
plaques with high-risk features are more prevalent ipsilateral to the
infarct [65,66]. Non-stenosing ipsilateral high-risk carotid plaques were
also more frequent in cryptogenic stroke patients compared to cardi-
oembolic or small-vessel stroke patients [65,67]. The CAPIAS study
showed that large-artery-stroke patients with 50-69% carotid stenosis
presented the highest prevalence of ipsilateral high-risk plaques [65].
This finding, together with the reported high-risk plaque prevalence in
arteries with < 50% stenosis ipsilateral to cryptogenic strokes [67],
underscores the need to include VWI in the stroke workup to detect
high-risk plaque features. Among the high-risk features, the most fre-
quently reported feature of ipsilateral carotid plaque is IPH
[62,65,66,68], regardless of stroke etiology. Larger LRNCs were also
found ipsilateral to cryptogenic stroke patients compared to cardi-
oembolic or small-vessel strokes. These VWI findings suggest that a
subset of cryptogenic strokes may be caused by the non-stenosing
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ipsilateral high-risk carotid atherosclerotic plaque, stressing the need to
integrate carotid VWI clinically.

One of the limitations for VWI clinical integration has been varia-
bility in imaging protocols, interpretation, and reporting standards. The
Carotid Plaque-RADS (Reporting and Data System) [69], recently in-
troduced into clinical practice, represents a standardized method for
assessing stroke risk by focusing not just on the degree of stenosis, but
also on the characteristics of the carotid plaque itself. This scoring
system acknowledges that patients with moderate stenosis, but high-
risk plaque features, may have a stroke risk comparable to those with
severe stenosis, while patients with severe stenosis but stable plaques
may have a lower-than-expected risk and may not require immediate
intervention.

The Plaque-RADS stratifies plaques into four main categories with
intermediate subcategories to capture differences in plaque composi-
tion and vulnerability—a full documentation can be found in [69]. In
addition to the primary categories, the Plaque-RADS system allows for
the inclusion of “ancillary features” (such as inflammation, neovascu-
larization, positive remodeling, plaque burden, progression of stenosis,
and calcifications) and “modifiers” (e.g., limited diagnostic study, pre-
sence of a stent, or previous carotid endarterectomy). These supple-
mental descriptors enhance the reporting and risk stratification process,
ensuring that each patient’s imaging findings are communicated in a
clear, standardized, and clinically actionable manner. Figs. 4 and 5
show examples of Plaque-RADS 3 and Plaque-RADS 4 category carotid
plaques and their appearance on VWI.

Studies have demonstrated that incorporating Plaque-RADS scores
with stenosis measurements markedly improves the prediction of both
initial and recurrent stroke risk. For instance, Huang et al. [70] showed
that among patients with mild to moderate stenosis, those with a Pla-
que-RADS score of =3 (i.e., with plaques at least 3 mm thick) had
significantly lower disease-free and recurrence-free survival rates

3D-MERGE

Plaque-RADS 3
MWT 23 mm

Type 3a

LRNC, FC thick

Type 3b

LRNC, FC thin

Plaque-RADS 3
Independent of MWT

Type 3c

Ulcerated plaque
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compared to those with lower scores. Wang et al. showed that carotid
plaques with Plaque-RADS =3 and moderate stenosis had a sig-
nificantly higher association with symptomatology than those with
lower Plaque-RADS scores [71]. By identifying high-risk plaques, clin-
icians can prioritize patients who may benefit from more aggressive
medical therapies or even surgical interventions. This targeted ap-
proach is particularly important in asymptomatic individuals, where
the presence of a vulnerable plaque may prompt earlier and more in-
tensive management to prevent first-time stroke.

5.2. Intracranial VWI features in stroke patients

ICAD is a major source of morbidity and mortality due to ischemic
stroke, accounting for 5-23% of strokes in Caucasians and up to 50% of
strokes in East Asians [72,73]. It is often detected in patients presenting
with stroke or TIA symptoms, and the asymptomatic incidence is likely
higher. Currently, ICAD is primarily detected clinically using luminal
imaging such as computed tomographic angiography (CTA), magnetic
resonance angiography (MRA), or digital subtraction angiography
(DSA) [74]. However, lumen stenosis may be absent or subtle in the
setting of positive remodeling. Sun et al. found no association between
stenosis measurements and quantitative ICAD maximum wall thickness
metrics from 80 ICAD lesions in 24 patients [75]. Non-stenotic ICAD
plaques that frequently go undetected on luminal imaging can con-
tribute to ischemic stroke events [40,76]. For example, the strongest
predictor of perforator territory infarcts in multivariate regression
analysis was non-stenotic plaques along the superior surface of the
middle cerebral artery, involving the perforator branch ostia (odds ratio
[OR] 28.51, 95% confidence interval 6.34-181.02) [76].

ICAD detection and characterization have been greatly facilitated by
the addition of VWI, which has superior tissue contrast compared to
CTA [77]. Characteristic findings on all MR VWI contrasts include

CE 3D-MERGE TOF

Fig. 4. Panel shows MRI appearance of Plaque-RADS 3 categories. The first column shows a schematic representation of the plaque structure: Dark red—lumen, light
pink—fibrous tissue, yellow—lipid-rich necrotic core (LRNC). First row: eccentric plaque with LRNC seen as non-enhancing (arrows) area compared to the pre-
contrast scan. The thick fibrous cap is also perceived as a band overlying the LRNC in the CE 3D-MERGE scan and as a dark band on TOF. Second row: an eccentric
plaque can be seen on 3D-MERGE with a large non-enhancing LRNC (arrow). There is no dark band overlying the large LRNC on TOF, further indicating a thin fibrous
cap. Third row: eccentric plaque with LRNC (2 o'clock position) confirmed by non-enhancement after gadolinium administration is accompanied by ulcer (arrows).
The ulcer is clearly seen on 3D-MERGE both pre- and post-contrast and on TOF. MRI magnetic resonance imaging, RADS Reporting and Data System, 3D three-
dimensional, 3D-MERGE 3D MSDE prepared rapid gradient echo, MSDE motion-sensitized driven equilibrium, TOF time-of-flight, FC fibrous cap, MWT maximal wall

thickness, CE contrast enhanced.
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Plaque-RADS 4
Independent of MWT
Type 4a

IPH

Type 4b

FC rupture

Type 4c

Intraluminal
thrombus

eccentric wall thickening and progressive lumen narrowing late in
disease. Vessel wall enhancement of intracranial arteries after gadoli-
nium injection can provide further diagnostic information. Vessel wall
enhancement in ICAD has been found to have a high repeat ischemic
stroke risk [78]. It is unknown what causes plaque enhancement in
ICAD due to the lack of MRI-compatible animal models and pathology
correlation. Possibilities include contrast leakage due to endothelial
dysfunction or disruption, or contrast leakage from plaque neovessels
associated with plaque inflammation. While vessel wall enhancement
has proven useful in identifying vulnerable ICAD, qualitative inter-
pretation of enhancement varies among reviewers. Some advocate for
quantitative measurement of post-contrast enhancement to improve
inter-rater reliability of VWI findings [79].

Several meta-analyses [80-82] have identified VWI features of in-
tracranial atherosclerosis associated with ischemic stroke, including
plaque enhancement [83]. Symptomatic middle cerebral arteries have
shown eccentric enhanced lesions, indicative of instability, whereas
asymptomatic lesions do not enhance [84]. In fact, a longitudinal study
[78] reported a significant difference in event-free survival between
patients with enhanced plaques compared to patients without plaque
enhancement. A meta-analysis suggests that plaque enhancement is
more commonly related to infarction caused by large-artery athero-
sclerosis than to infarction caused by small-vessel disease [81], which
highlights the relevance of VWI in discriminating the subtype of stroke
currently considered cryptogenic. Besides plaque enhancement, other
features that can be identified using VWI, such as positive remodeling,
T1 hyperintensity, and plaque surface irregularity, are features that
symptomatic intracranial plaques share in common with symptomatic
carotid and coronary atherosclerotic lesions [64,85-87].

ICAD plaque enhancement allows differentiation from stroke mi-
mics such as vasculitis and RCVS [58]. Inflammatory disease leads to
concentric enhancement after gadolinium administration and thick-
ening of the intracranial arterial wall. This concentric enhancement and
thickening differentiates vasculitis from ICAD, which shows eccentric
enhancement and wall thickening [88,89]. Using the same feature,
RCVS can be differentiated, where intracranial arterial wall lacks ga-
dolinium enhancement [56].
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Fig. 5. Panel shows MRI appearance of Plaque-
RADS 4 categories. The first column shows a
schematic representation of the corresponding
plaque structure: Dark red—lumen, light
pink—fibrous tissue, yellow—Ilipid-rich necrotic
core (LRNC), bright red—intraplaque hemor-
rhage, blue—calcification, orange—thrombus.
First row: eccentric plaque with several calcifi-
cations (seen as hypointense regions on all se-
quences) also has an IPH seen as hyperintense
signal on MPRAGE (arrows). The presence of
IPH categorizes this as Plaque-RADS 4a while
there is a supplemental designation in Plaque-
RADS to denote the additional presence of cal-
cification. Second row: a small surface disrup-
tion can be seen on both pre- and post-contrast
3D-MERGE (arrows). The same disruption is
seen as luminal protrusion on TOF. Third row:
intraluminal thrombus presents as hyperintense
luminal protrusion (arrow). MRI magnetic re-
sonance imaging, RADS Reporting and Data
System, 3D three-dimensional, 3D-MERGE 3D
MSDE prepared rapid gradient
echo, MSDE motion-sensitized driven equili-
brium, TOF time-of-flight, FC fibrous
cap, MWT maximal wall thickness, IPH in-
traplaque hemorrhage, 2D two-
dimensional, MPRAGE magnetization prepared
rapid gradient echo

TOF/MPRAGE

¢\\

5.3. VWI and stroke etiology reclassification

Up to one quarter of patients with ischemic stroke have no
probable cause identified after standard workup [90,91]. VWI can
help with determining stroke etiology in these patients, particularly
in strokes of embolic origin [92]. Utilization of VWI results in sig-
nificant reclassification of stroke etiology, most commonly from
undetermined to large-artery atherosclerosis classification [93,94].
In one study, VWI altered the stroke etiologic classification based
on the modified Trial of Org 10172 in Acute Stroke Treatment
(TOAST) classification in 55% (112/205) of cases [93]. Following
clinical guidelines for interpreting VWI [43], Schaafsma et al. [93]
evaluated VWI for etiologic classification in patients with recent
ischemic stroke or TIA. They used a modified TOAST [95] classifi-
cation, which included intracranial arterial dissection, vasculitis,
RCVS, and unspecified intracranial arteriopathy. The proportion of
cases with “unspecified intracranial arteriopathy” decreased from
31% to 4% (64/205 to 9/205) (p < 0.001). At the same time, the
proportion of cases with “intracranial atherosclerotic disease” in-
creased from 23% to 57% (48/205 to 116/205) (p < 0.001). Si-
milar findings were reported for a recent stroke population from
India, with greatest impact of VWI on the intracranial athero-
sclerotic category (increase from 28.6% to 38.8% (14/49 to 19/49))
[96]. In a cohort of 36 patients with recent ischemic stroke and
known =50% stenosis in the middle cerebral artery disease [97],
VWI changed the etiology of 9 (out of 12) ESUS patients to in-
tracranial atherosclerosis [5], vasculitis [3], and partially occlusive
thrombus [1] and supported the clinical diagnosis in the remaining
27 cases. In a study of young adults with ischemic stroke or TIA,
VWI led to an increase in the proportion of strokes attributed to
large-artery atherosclerosis and reduced the proportion of crypto-
genic strokes [98]. Besides emphasizing the relevance of VWI in
stroke etiological classification, these studies indicate that in-
tracranial atherosclerosis may be a more significant cause of is-
chemic stroke than previously recognized and highlight VWI’s
ability to detect and characterize intracranial atherosclerotic pla-
ques in symptomatic patients [75,97,99,100].
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CTA 3D-MERGE

3D-MERGE

CE 3D-MERGE

Fig. 6. Carotid web: VWI shows a shelf-like protrusion (arrows) into the lumen
corroborated by CTA. Note that there are bilateral carotid webs in this patient,
seen on the contralateral carotid in the axial reformat. Gadolinium contrast
enhancement is seen at the base of the web on the left carotid on post-contrast
3D-MERGE VWI. 3D three-dimensional, 3D-MERGE 3D MSDE prepared rapid
gradient echo, MSDE motion-sensitized driven equilibrium, CTA computed to-
mographic angiography, VWI vessel wall imaging, CE contrast enhanced.

6. Other clinical applications of carotid artery VWI

While the majority of carotid VWI is prescribed for the purpose of
atherosclerotic plaque characterization, carotid occlusion, webs, and
dissections are other clinically important pathologies that benefit from
vessel wall MRI. Figs. 6-8 shows carotid web, occlusion, and dissection
characteristics by VWI, respectively. In these applications, vessel wall
MRI can add additional diagnostic information to clinical angiographic
methods such as MRA and CTA.

6.1. Carotid occlusions

There are two main clinical use cases for VWI in the setting of
carotid occlusion: to rule out carotid artery pseudo-occlusion and to
predict the success of endovascular recanalization of occluded carotids.

While CTA is currently the main non-invasive modality for evalu-
ating carotid occlusions, a distal occlusion such as the carotid T-oc-
clusion or tandem occlusions of the MCA together with severe extra-
cranial carotid stenosis can cause flow stasis in the proximal carotids
and lack of contrast opacification, leading to a misdiagnosis of occlu-
sion by CTA [101]. Differentiating pseudo-occlusions from tandem
occlusions can help with treatment planning and VWI can play a role in
this determination. When comparing VWI to DSA in patients with
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occlusions by MRA, and determining suitability for recanalization, VWI
agreed with DSA in 44.4% (20/45) of cases but VWI found the re-
maining 25% (11/45) of cases suitable for recanalization in contrast to
DSA [102]. While this retrospective study’s findings need further cor-
roboration, it shows that the utility of VWI in such recategorization can
play an important role in patient management.

VWI can also play a role in the evaluation of occlusions to predict
response to recanalization efforts [103]. 3D VWI was found to have
excellent agreement with DSA for detecting occlusion site (Cohen’s
kappa 0.85) and stump morphology (tapered, blunt no stump; Cohen’s
kappa 0.83) [104]. VWI was found to provide additional information,
such as HIS of the distal stump (42.7% (32/75) of occluded stump)
corresponding to thrombus/hemorrhage, and evaluate patency of the
lumen distal to the occlusion [104]. When proximal stump morphology,
extent of occlusion, occlusion with collapse, arterial tortuosity, pre-
sence of HIS, and calcification in the occluded C1 segment were eval-
uated on 3D VWI in patients who had undergone recanalization, a
predictive score based on these features showed high predictive value
with an area under the curve: 0.89, sensitivity of 0.614, and specificity
of 0.962 [105]. Occlusions limited to the C1 segment (OR: 13.84), ex-
tensive HIS (OR: 3.99), extensive calcification (OR: 0.19), high tortu-
osity (OR: 0.12), and artery collapse (OR: 0.20) were significantly as-
sociated with successful recanalization after adjustment for clinical
factors [105]. Together, these studies illustrate the potential of vessel
wall MRI to provide additional value for endovascular treatment
planning beyond CTA and DSA in the evaluation of carotid occlusions.

An additional utility of VWI may be in predicting which occlusion
may turn out to be symptomatic. The status of the distal end of the
occlusion is important to analyze as it may lead to thromboembolism.
On VWI, asymptomatic occlusions were isointense while symptomatic
occlusions showed hyperintense distal segments [106]. Such hyper-
intensity may indicate thrombogenic material or inflammation and may
require further evaluation/monitoring.

6.2. Carotid webs

A carotid web presents as a shelf or band of fibroelastic tissue on the
posterior wall of the carotid artery. Carotid webs have been implicated
as a cause of cryptogenic stroke, especially in young patients. While
carotid webs may have a low prevalence (1.6% (1/63)) in the general
population, there is a high prevalence of carotid webs in the crypto-
genic stroke population (21.2% (7/33)) [107]. Owing to their shape
and location in the carotid bulb, they may cause turbulent flow and

Fig. 7. Chronic carotid occlusion: sagittal, coronal, and
axial reformats of two cases of carotid occlusion are
shown. (A) Occlusion of the left internal carotid artery on
3D-MERGE shows blunt stump of the occlusion and the
hyperintense thrombus (large arrow) within the lumen.
(B) Occlusion of the left common carotid and bifurcation
in another subject is seen with hyperintense thrombus
(large arrow) in the lumen. The distal lumen in the left
external carotid artery is patent (small arrow). 3D three-
dimensional, 3D-MERGE 3D MSDE prepared rapid gra-
dient echo, MSDE motion-sensitized driven equilibrium
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raise the risk of thromboembolism. While a survey of practicing phy-
sicians found that invasive DSA is the most common modality used to
confirm carotid webs, some neuroradiologists and neurointervention-
alists preferred VWI for follow-up imaging in recurrent stroke [108].
Carotid webs on VWI can be seen as protrusions into the lumen on
oblique coronal view, similar to DSA or CTA, and appear as a triangular
shelf on axial VWI [109]. Vessel wall enhancement may be present on
the post-gadolinium VWI on the side of the carotid web [110]. Given
the young age of stroke patients with carotid webs, endarterectomy is
preferred for its long-term treatment durability, but stenting can also be
performed [111]. Considering the invasive nature of both treat-
ments and the need for long-term monitoring in these patients, MR VWI
may be preferable for pre-operative assessment and post-operative
follow-up.

6.3. Carotid dissections

Cervical carotid artery dissections can arise in various settings,
including major or minor trauma [112,113]. Spontaneous carotid
dissection typically results from minor injuries, including sneezing,
or in the setting of connective tissue disorders or underlying genetic
disorders [113]. Dissections may present either as an intramural
hematoma with luminal narrowing or as a dissection flap with false
lumen. Thrombosis of the false lumen may present as T1 HIS in the
subacute phase, similar to IPH, however, may be T1 isointense and
T2 HIS in the acute phase [114]. Dissections may also manifest as a
pseudoaneurysm with or without surrounding soft tissue hemor-
rhage. While dissections are mostly distal to the carotid bifurcation,
atherosclerotic IPH is mostly centered around the carotid bifurca-
tion. The presence of other atherosclerotic plaque components or
wall thickening strongly suggests atherosclerosis-related thrombus/
hematoma in contrast to dissection. Acute unilateral pain accom-
panies dissection [115] and VWI can aid in improved diagnosis.
While thrombus/hematoma has been described using sequences such
as 2D T1 or PD weighted sequences as well as 3D SPACE/VISTA/
CUBE, the highly T1-weighted sequences, SNAP, and MPRAGE with
demonstrated ability to identify IPH, have been shown to be useful
for cervical dissections with higher signal or contrast for intramural
hematoma [116, 117]. VWI characteristics in craniocervical arterial
dissection, specifically lumen surface irregularity and intraluminal
thrombus, showed significant independent associations with acute
stroke on multivariable regression analysis [118].

Blunt cerebrovascular injury (BCVI) is a dissection that develops in
the setting of acute blunt force trauma to the neck. While historically
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Fig. 8. Carotid dissection: axial view shows
eccentric thickening. An occlusion is diagnosed
by long hyperintense thickening of the wall
best seen in the sagittal VWI as opposed to
focal wall thickening of atherosclerosis. The
hyperintense signal is also characteristic de-
noting thrombus/hemorrhage in the false
lumen. Corresponding CTA images (bottom
row) show similar indentation of the lumen.
CTA computed tomographic angiography

considered rare, BCVI has increased to 1-3% prevalence in trauma
cohorts, likely due to increased and improved diagnostic cross-sectional
imaging [112]. BCVI is associated with a delayed stroke risk of 4.7%
(54/1146) across all grade injuries [119]; however, this risk increased
with higher grade injuries, transcranial Doppler evidence of emboliza-
tion, carotid artery injuries, or multiple arterial injuries, as did the risk
of arterial injury progression [120]. Without appropriate treatment, the
stroke risk is substantially increased as well [121]. BCVI imaging
characteristics mirror those of arterial dissection on VWI [112]. Vranic
et al. compared CTA and VWI evaluation of BCVI relative to expert
clinical consensus as the reference standard and found that VWI was
more accurate for accurate BCVI detection, which was most appreciated
for CTA suspected low-grade or indeterminate injuries [122]. With in-
determinate BCVI, the utilization of VWI may confirm the lack of ar-
terial injury and lead to shortened hospital stays, reduced medication,
follow-up imaging, and follow-up outpatient evaluations, thus reducing
patient risk and health care costs.

7. Other clinical applications of intracranial VWI
7.1. Intracranial vasculopathy differentiation

VWI has shown the ability to differentiate intracranial vasculo-
pathies through multi-contrast protocols [51], and vasculopathy dif-
ferentiation was the most common reason for clinical application of
intracranial VWI [12]. Intracranial VWI can differentiate ICAD from
other pathologies such as vasculitis, moyamoya vasculopathies, and
RCVS. VWI improved diagnostic accuracy for non-occlusive intracranial
vasculopathies (including ICAD, vasculitis, and RCVS) from 36% (145/
402) using luminal imaging to 89% (357/402) on a per-lesion basis,
with significant diagnostic accuracy improvement for each disease state
[57]. Use of VWI for vasculopathy differentiation is therefore of added
clinical benefit to traditional luminal imaging.

7.1.1. Vasculitis differentiation

Inflammatory vasculopathies such as vasculitis typically show cir-
cumferential intense wall enhancement with an isointense T2-weighted
signal relative to gray matter. Inflammatory vasculopathies also cause
perivascular inflammatory changes, resulting in a more pronounced
halo of enhancement that frequently has irregular or fuzzy margins,
unlike the clearly defined outer wall appreciated with ICAD. These
features help differentiate ICAD which most commonly shows eccentric
wall enhancement with outward remodeling, heterogeneous and vari-
able enhancement, and juxtaluminal T2 hyperintensity with central
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Vasculitis

Atheroma

Fig. 9. Top row shows a case of vasculitis of the right anterior cerebral artery
with post-gadolinium enhancement (arrows). Bottom two rows show how
vasculitis can be differentiated from atherosclerosis. Vasculitis shows con-
centric wall enhancement in affected areas with accompanying circumferential
wall thickening without significant eccentricity (middle row) in contrast to
atherosclerosis (bottom row) where the wall enhancement is eccentric.

hypointensity. Fig. 9 shows an example of vasculitis and its differ-
entiation from ICAD.

7.1.2. RCVS differentiation

RCVS presents as stenosis on luminal angiography, but it can be
differentiated from ICAD using VWI. RCVS represents a non-in-
flammatory process with vasospasm resulting from sympathetic system
stimulation, and thus the disease process may show minimal to no wall
enhancement, imperceptible wall thickening, and no appreciable T2-
weighted wall signal abnormality. Fig. 10 shows an example of RCVS.
RCVS can cause multi-compartmental intracranial hemorrhage, in-
cluding subarachnoid hemorrhage that contributes to inflammation and
may sometimes cause arterial wall enhancement. However, the degree
of enhancement is lower and without wall thickening seen in in-
flammatory vasculopathies and ICAD [51]. Combining VWI features
with cerebrospinal fluid pleocytosis, patient presentation of
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encephalopathy and/or headache significantly improves the dis-
crimination of primary vasculitis from ICAD [88].

7.1.3. Moyamoya differentiation

The intracranial vessel wall in patients with Moyamoya vasculo-
pathy is generally characterized by concentric enhancement, with en-
hancement often found in the distal intracranial internal carotid artery
[123,124]. VWI improved the diagnostic accuracy for moyamoya vas-
culopathies over luminal imaging (32% (24/76) to 87% (66/76)) [50].
Similarly, traditional luminal measures for Moyamoya disease diag-
nosis, including extensive collaterals, did not show any significant dif-
ferentiation capacity from ICAD Moyamoya syndrome.

7.2. Assessment of unruptured aneurysms

VWI for aneurysm assessment is an active area of investigation, and
several studies have addressed the utility of VWI for aneurysm wall
evaluation [125-127]. Qualitative assessment of aneurysms using VWI
can also predict complications such as aneurysmal subarachnoid he-
morrhage [54,128]. In 22 ruptured aneurysm cases, arterial wall en-
hancement on post-intervention VWI showed a significant association
with the development of angiographic vasospasm while controlling for
hemorrhage grade (OR 3.9, 95% CI 1.7-9.4) [54]. Aneurysmal wall
enhancement has also shown a significant association with delayed
cerebral ischemia in 32 ruptured cases (p < 0.04) [128].

8. Future of VWI and summary

Despite the progress in clinical application of VWI, there are existing
challenges to widespread use of MR VWI that must be overcome to
accelerate clinical adoption: 1) lack of reimbursement for VWI: while
VWI has been shown to benefit clinical diagnosis in multiple patholo-
gies, use of VWI is not mandated by clinical guidelines. If clinical
guidelines are set forth for VWI, followed by reimbursement of VWI
scans, then utilization of VWI is expected to increase exponentially,
considering its demonstrated clinical utility and demand from clin-
icians. 2) Limited training in VWI: current use of VWI is limited to re-
search institutions with the expertise to conduct and interpret VWI
scans. As noted by the ASNR surveys [11, 12], lack of training in
clinical applications and image interpretation is a major limitation to
the use of VWI. Adding training on VWI applications and image inter-
pretation to medical curricula and continued medical education set-
tings, as well as active outreach to practicing physicians, may help to
resolve this limitation. 3) Lack of commercial VWI analysis products:
there are few established VWI analysis products that are clinically
usable. Commercialization of tailored VWI analysis and reporting
methods can expand clinical use. Provisioning reimbursement path-
ways for VWI will also foster more commercialization ventures and

Fig. 10. Pre- and post-gadolinium contrast
VWI images of a case of reversible cerebral
vasoconstriction syndrome of the left middle
cerebral artery are shown in axial, sagittal, and
coronal views. Vessel wall imaging shows
narrowing of left MCA (arrow) but without
appreciable wall thickening or enhancement.
VWI vessel wall imaging, MCA middle cerebral
artery
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further drive clinical use. 4) Standardized reporting of VWI is lacking: a
consensus is required on what are the essential features of VWI that
should be clinically reported. Introduction of the Plaque-RADS scoring
system is a promising step in this direction. With increased validation of
Plaque-RADS in the clinical setting, it may provide the much-needed
structure for clinical VWI reporting. For both carotid and intracranial
VWI, there remains a need for streamlined and efficient imaging tech-
niques with shorter standardized protocols distributed by the major
MRI vendors and development of automated quantitative post-proces-
sing tools to facilitate quicker evaluation and more reproducible ima-
ging analysis that will facilitate a shorter radiologist learning curve and
easier clinical adoption. With Al playing a key role in the advancement
of imaging technology, it is foreseeable that it may also help in VWI in
terms of image acquisition efficiency, quality, imaging analysis, and
quantitation methods. Some interesting works are already being re-
ported [129,130].

On the other hand, computed tomography (CT) VWI is emerging
as an alternative to MR VWI [131-133]. CT VWI is attractive in terms
of ease of use and availability. Carotid plaque volume, calcification,
and ulceration can be reliably identified on CT [132], while LRNC
and IPH may also be detected [131, 132]. CT is preferable for the
identification of calcifications and ulcerations. However, the role of
CT in identifying non-calcified intracranial plaque is not clear. Cur-
rently, MR VWI has the advantage in detecting IPH. Hence, MR VWI
may be preferable for high-risk carotid component detection and for
intracranial plaque detection. It is important to consider the
strengths and limitations of both CT and MRI when optimizing
clinical VWI workflow. There may be a need to include both, de-
pending upon clinical needs.

An untapped clinical role of VWI is in CV disease prevention [43,
134]. Early changes in the vessel wall may be identified by VWI, of-
fering unique opportunities for early detection of systemic vascular
disease by targeting certain vascular beds, such as the carotid. Con-
sidering the extensive clinical benefits of VWI, the possibility of in-
cluding VWI as part of future diagnosis, monitoring, and treatment
planning guidelines should be considered. Future incorporation of VWI
into clinical guidelines will require the concerted effort of clinicians to
design imaging trials based on the current knowledge and practice of
MR VWL
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