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Abstract

Purpose of review High-resolution magnetic resonance vessel wall imaging (VWI) permits
direct visualization of intracranial arterial wall pathology, providing diagnostic and prognos-
tic information that is complementary to conventional imaging techniques. We highlight the
most recent studies that have advanced the clinical application of VWI.

Recent findings VWI aids in distinguishing and diagnosing intracranial atherosclerotic disease
(ICAD), intracranial dissections, central nervous system vasculitis, reversible cerebral vaso-
constriction syndrome, and moyamoya disease. VWI may help predict recurrent stroke in
ICAD, treatment effects in vasculitis, and disease progression in moyamoya. VWI also
identifies ruptured intracranial aneurysms and may predict stability of unruptured aneurysms.
Summary Implementing VWI as an adjunctive imaging technique may permit earlier and
noninvasive discrimination of rare vasculopathies. However the prognostic utility of VWI for
more common cerebrovascular pathologies requires further validation.

Background

High-resolution magnetic resonance intracranial vessel (CT), magnetic resonance imaging (MRI), transcranial
wall imaging (VWI) improves our understanding and Doppler ultrasound (TCD), and digital subtraction an-
management of cerebrovascular disease. Conventional giography (DSA) provide both structural and dynamic
imaging techniques including computed tomography functional information about cerebrovascular
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pathology. We rely on visualizing the brain parenchyma or
the vessel lumen to infer the pathology in the arterial walls.
The challenge to direct visualization of the arterial wall is
that the thickness ranges from 0.31 to 0.86 mm in the
large proximal cerebral vessels [1], beyond the resolution
of conventional imaging methods used in clinical practice.
However, improvements in MR scanners and acquisition
protocols now enable direct visualization of the arterial
wall. High-resolution VWI sequences improve our under-
standing of cerebrovascular disease in vivo but have not yet
claimed a definitive role in routine clinical practice.

The potential of VWI to provide complementary in-
formation and direct visualization of vascular pathology
has ignited widespread efforts to find the most reliable

Vessel wall imaging protocols

and useful clinical applications. First, for ischemic stroke
diagnosis, VWI can identify non-stenotic intracranial
atherosclerotic disease (ICAD) to elucidate stroke mech-
anism and guide management. In this vein, VWI also
reveals high-risk plaque features that may predict recur-
rent ischemic events. Secondly, VWI helps distinguish
intracranial vasculopathies, specifically inflammatory
vasculitis from noninflammatory vasculopathies, in-
cluding ICAD, intracranial dissection, reversible cerebral
vasoconstriction syndrome (RCVS), and moyamoya
syndrome. Finally, VWI can identify ruptured aneurysms
and may also predict stability of unruptured aneurysms.
We review the most promising applications of VWI with
an emphasis on the most recent literature.

Magnetic resonance angiography (MRA) images the arterial lumen using gadolin-
ium contrast or the blood flow within the lumen using time-of-flight sequences.
As a complementary approach, VWI sequences optimize signal contrast of the
arterial wall, generally by suppressing both the signal of blood within the lumen
(termed “black blood” [2]) and the signal of cerebrospinal fluid (CSF) surround-
ing the outer wall [3]. By improving the signal contrast between the blood, the
arterial wall, and the surrounding CSF, VWI reveals arterial wall pathology not
detectable with angiography or conventional MRI sequences. Techniques to
achieve black blood include spatial presaturation of inflowing blood [4], double
inversion recovery 5], and intravoxel dephasing of flowing blood [3, 6]. The latter
uses turbo spin echo pulse sequences with variable flip-angle refocusing pulses,
and 3D commercial versions are available for Siemens (SPACE sequence), Phillips
(VISTA sequence), and GE (CUBE sequence) 3-T scanners [7e].

Optimal image resolution is dependent on field strength, the extent of brain
imaged (field-of-view), and scan time [3]. At 3-T, the first order, second order,
and possibly third order cerebral arterial branches can be adequately visualized.
While the wall thickness may be beyond the scanner resolution, pathologically
thickened arteries may still be detected in the smaller vessels.

Two-dimensional sequences may provide better in-plane resolution, but have
a smaller field-of-view, and may require targeting specific pathologic vessels. Two-
dimensional sequences may be more difficult to interpret with tortuous vessels
that curve obliquely through the imaging plane, particularly if there is a gap
between slices. Furthermore, inadequate suppression of in-flowing blood signal
can cause artifact in the lumen when the saturation plane is oblique instead of
perpendicular to the vessel. Three-dimensional imaging sequences have isotropic
resolution and generally have a larger field-of-view that includes all the proximal
cerebral vessels. Three-dimensional imaging is preferred for diffuse vasculopathy.
Two-dimensional imaging may better evaluate a specific lesion of interest [3, 8].

Multiple tissue weightings have been used, but T1 and proton density with
and without contrast have yielded most results. Some studies also find T2



Curr Treat Options Cardio Med (2019) 21:65 Page 3 0f19 65

weighting useful to characterize atherosclerotic plaque components [9, 10].
Additional tissue weightings lengthen scan time, and the optimal combination
may depend on the pathology of interest.

Intracranial atherosclerotic disease

VWI for atherosclerotic disease was pioneered in the extracranial carotid and
coronary arteries, but technological advances now permit direct visualization of
intracranial atherosclerosis. ICAD accounts for 8% of ischemic strokes in the
USA [11] and around 50% of stroke in Asia [12]. The burden of ICAD is
significant since the rate of recurrent stroke at 1 year is as high as 15-17% [13,
14]. Despite this high rate, revascularization via stenting has a higher early risk of
recurrent stroke or death at 30 days (14.7%) than medical therapy with anti-
platelet agents and risk factor optimization (5.8%) [15]. If we could predict
which patients will have early recurrent strokes, we might identify better candi-
dates for early revascularization. Diagnosis of ICAD currently relies on identifi-
cation of arterial lumen narrowing on angiography, and severe stenosis has some
predictive power for recurrent stroke [ 16]. However, the prevalence of ICAD may
be underestimated since non-stenotic lesions may also be clinically meaningful.
CT reveals atherosclerosis as arterial wall calcifications, particularly in the cav-
ernous internal carotid segments [17]. Similarly, VWI visualizes other features of
atherosclerotic plaque that have both diagnostic and prognostic significance.

VWI can identify atherosclerosis by plaque features: arterial distribution,
plaque thickness, outward remodeling, plaque components, and contrast en-
hancement pattern. Atherosclerotic plaques are usually focal, with eccentric
thickening of the arterial wall. Eccentric thickening occurs more often opposite
the ostium of perforating vessels, commonly the ventral wall for both middle
cerebral arteries (MCAs) and basilar artery [19-21]. Positive remodeling, or
outward thickening of the arterial wall without significant lumen narrowing, is
frequently seen early in ICAD [22]. A study using 7-T VWI found arterial lumen
stenosis in only 27% of ICAD lesions, confirming that the extent of ICAD is
underappreciated with luminal imaging [23]. Furthermore, positive remodeling
is found more often in symptomatic lesions than asymptomatic lesions [22, 24]
and is associated with microemboli detected on TCD [25], consistent with
plaque instability. Finally, irregular plaque surface may be another marker of
unstable plaque, since it is also more common in symptomatic lesions [22, 24].

The intracranial atherosclerotic plaque components identified in histopatho-
logic studies associated with plaque instability include a thin fibrous cap, a large
necrotic lipid core, and sometimes intraplaque hemorrhage [26, 27]. Plaque
components identified with extracranial carotid wall imaging are challenging to
visualize intracranially. However, using VWI with multiple tissue weightings, a
fibrous cap can be identified as a thin T2 hyperintense band adjacent to the
lumen, although inter-observer reproducibility is only moderate [10, 27]. The
lipid core is poortly visualized intracranially, but intraplaque hemorrhage, when
present, appears T2 hypointense and T1 hyperintense on VWI. Intraplaque
hemorrhage was visualized with VWI in 4-19% of atherosclerotic lesions, but
was more common in 19.6% of symptomatic lesions compared with 3.2% of
asymptomatic lesions [10, 19, 27, 28]. Intraplaque hemorrhage is less common
in intracranial lesions than extracranial lesions, and further prospective studies
are needed to assess its predictive power for recurrent strokes.
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Fig. 1. Intracranial atherosclerotic disease. Reprinted with permission from Kwee et al., European Society of Neuroradiology [18e].
“Persistent grade 1 enhancement of a culprit plague in the M2 segment of the left middle cerebral artery in a 49-year-old male patient
who experienced a transient ischemic attack 8.2 months before the baseline scan. Post-contrast reconstructions in the axial plane and
perpendicular to flow direction of the middle cerebral artery at baseline (a, b) and after 13.6 months (c, d) show a plaque (arrows) with
persistent enhancement greater than that of normal intracranial arteries elsewhere but less than that of the pituitary infundibulum

(arrowhead in a).”

Atherosclerotic plaques frequently enhance with gadolinium contrast on
VWI, which is associated with histopathologic findings of inflammation, mac-
rophage infiltration, increased permeability, and neovascularization of the
arterial wall with vasa vasorum [29, 30]. Vasa vasorum are not present at birth
in intracranial arteries, but can develop in large proximal arteries, and are
associated with age and atherosclerosis [31]. Enhancement of atherosclerotic
plaque is significantly associated with acute stroke in the downstream vascular
territory [32, 33] and less likely to be found in asymptomatic atherosclerotic
plaques. Enhancement is greatest within the first 4 weeks after stroke and
declines over months [34, 35]. Enhancement may identify culprit atheroscle-
rotic plaques, although the specificity of enhancement remains unclear.

Few studies have evaluated atherosclerotic plaque enhancement longitudi-
nally to identify unstable plaque as a predictor of recurrent ischemic events. In a
study by Kim et al. following 138 patients over a median of 18 months, 78.3%
of acute strokes demonstrated plaque enhancement. Of these patients, 34% had
recurrent stroke, while only 7% of patients without acute plaque enhancement
had recurrence [36]. Kwee et al. performed serial VWI on 14 patients with
symptomatic ICAD with a total of 55 lesions over a median of 140 days. All
culprit lesions enhanced at baseline and remained enhancing at follow-up. Six
recurrent ischemic events occurred and were attributable to culprit lesions. Non-
culprit lesions were less likely to enhance at baseline and had overall lower
enhancement grade. Enhancement declined over time in 37% (Fig. 1) [18e].
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While focal plaque enhancement may discern atherosclerotic mechanism,
clinical interpretation is key. Regardless of stroke mechanism, all patients who
underwent mechanical thrombectomy were found to have some degree of
arterial wall enhancement, and many treated with only medical therapy also
demonstrated wall enhancement (up to 40%) [37, 38]. In these cases, enhance-
ment may reflect endothelial trauma due to mechanical thrombectomy, throm-
bosis, or thrombolytic treatment [39]. Vessel wall enhancement should be
interpreted cautiously after acute stroke since it may be an expected finding,
as opposed to focal plaque enhancement, which may have more prognostic
value.

In summary, VWI reveals atherosclerotic plaques with focal, eccentric wall
thickening, outward remodeling, and variable enhancement. Symptomatic
lesions are more likely to have enhancement, outward remodeling, irregularity,
and intraplaque hemorrhage, suggesting plaque instability. Enhancement is
prevalent, particularly immediately post-stroke, but may predict stroke recur-
rence if focal and localized to plaque. Longitudinal studies are needed to define
temporal changes in atherosclerotic plaque features and determine the added
value of VWI to identify unstable plaques, predict stroke recurrence, and mon-
itor treatment efficacy in ICAD.

Intracranial dissections

Dissections of the cervical arteries are well described as a leading cause of stroke
in younger patients [40]. But isolated intracranial arterial dissections are poorly
characterized. Previously thought to be rare, intracranial arterial dissections are
now better visualized with VWI. With more widespread use of VWI and the
ability to distinguish dissection from other intracranial vasculopathies, we hope
to better understand the risk factors, consequences, and management of intra-
cranial dissections

Isolated intracranial arterial dissections are reported more frequently in
Asian populations [42, 43e, 44e], with nearly all large case series originating
from China, Japan, or Korea. Genetics, a higher prevalence of intracranial
atherosclerosis, or diagnostic techniques may account for this geographic dif-
ference [45]. Compared with those with extracranial dissections, patients with
intracranial dissections were more likely to be older or hypertensive and less
likely to identify a precipitating trauma [43, 46]. However, compared with
patients with intracranial atherosclerotic lesions, those found to have isolated
intracranial dissections were younger with fewer atherogenic risk factors [41ee].

Intracranial arterial dissections are most commonly found in the vertebral
arteries, in the V4 segment, near the origin of the posterior inferior cerebellar
artery (PICA), and more often in the non-dominant vertebral artery [46]. The
internal carotid artery at the C6 segment is the next most common location
[44e]. These segments mark the transition from extradural to intradural, where
the external elastic lamina terminates. However, dissections are found in all
intracranial arteries [43] and may be underdiagnosed. One Japanese study
reported that 43% of isolated anterior cerebral artery strokes were due to
dissection, confirmed by follow-up angiography [47].

Intracranial dissections can present as either ischemic or hemorrhagic stroke.
Ischemic lesions may result from artery-to-artery embolism, local branch
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occlusion, in-situ thrombosis, or hemodynamic impairment [43]. Subarach-
noid hemorrhage may occur, particularly when the dissection involves the
media and adventitia, leading to formation of a dissecting aneurysm. Hemor-
rhage is more likely to result from posterior circulation dissection and has a
high rate of recurrence [48]. Intracranial dissections accounted for 1.5-10.5% of
nontraumatic subarachnoid hemorrhages on histopathology in several studies
of Asian populations [49].

Diagnosing dissections is challenging with conventional, luminal imaging,
often requiring serial scans to evaluate for resolution, or confounded by com-
plete vessel occlusion. VWI improves identification of intracranial dissection by
several distinct features: an intimal flap or double lumen, an intramural hema-
toma, outer diameter enlargement with crescent shape, stenosis and dilatation
(“pearl and string sign”), and variable wall enhancement (Fig. 2) [50-53].
Compared with time-of-flight MRA alone, VWI improved detection of intracra-
nial dissection from 11 to 22% [54].

The increasing use of VWI will shed more light on the natural history and
appropriate management of intracranial dissections. Shin et al. report the
prospective use of VWI for Korean patients with symptomatic intracranial
stenosis of undetermined etiology. In this population, dissection accounted
for 36% of lesions, while the remaining were determined to be atherosclerotic
stenoses. While 90-day functional outcomes were similar, dissection was asso-
ciated with a lower risk of recurrent events (6.2% vs. 18.6%), and a higher rate
of improvement in the stenosis on follow-up imaging (50.7% vs. 11.6%)
[41ee]. It is possible that prior treatment trials of intracranial stenoses have
misidentified dissecting lesions, and that VWI may better select patients for

A.a Left MCA stenosis B.a Right MCA stenosis C.a Right VA stenosis

g i

A.b Intimal flap/double lumen  B.b Intimal flap/double lumen ~ C.b Hematoma on SWi/phase map

Fig. 2. Reprinted with permission from Shin et al., American Academy of Neurology [41ee]. “Examples of patients with no typical
changes of dissection on luminal imaging (A.a, B.a, C.a, arrows) but with high-resolution MRI findings of dissection (A.b, B.b, C.b,
arrows).”

Luminal image
(TOF MRA)

Wall image
(HR-MRI)
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intervention. However, there is likely overlap with dissecting atherosclerotic
plaques, for which treatment of atherosclerotic risk factors is still beneficial.

Central nervous system vasculitis

Perhaps the best application of VWI is diagnosing central nervous system
(CNS) vasculitis. CNS vasculitis may be idiopathic primary angiitis of the
CNS (PACNS) or secondary to infectious or systemic rheumatologic etiolo-
gies. CNS vasculitis presents with headache (43-64%), altered cognition
(50%), focal neurologic deficit (40%), seizure (17%), infarct (81%), or
hemorrhage (11%) [55, 56]. Diagnostic certainty is critical because CNS
vasculitis is potentially devastating, and the treatment for PACNS is aggres-
sive immunosuppression, which also bears risk. However, CNS vasculitis is
challenging to diagnose, typically requiring a combination of conventional
brain MRI sequences, MRA or CTA, DSA, lumbar puncture, and brain biopsy.
DSA has a sensitivity of 60-90% [56, 57] but a low specificity of 6-30% [56,
58, 59]. DSA may be normal in small-vessel vasculitis and can have a similar
angiographic appearance to other noninflammatory cerebral vasculopathies:
RCVS, ICAD, or moyamoya syndrome. Lumbar puncture may be normal in
12-20% [56, 57, 59]. The gold standard for diagnosis is brain biopsy, which
carries additional risk of permanent neurologic complication around 1-2%
[60, 61], and still only has a sensitivity of 50-75% [8, 56, 57, 62] due to
heterogeneous vessel involvement. Clinical characteristics may favor a diag-
nosis of vasculitis, such as progressive cognitive decline and seizures, or else
point toward other entities such as thunderclap headache in RCVS, or
multiple uncontrolled atherosclerotic risk factors in ICAD. However, VWI
provides complementary information about arterial thickening and vessel
inflammation to support the diagnosis of vasculitis, plan targeted biopsies,
or otherwise suggest an alternative diagnosis, thereby sparing brain biopsy.

The VWI features of vasculitis include multifocal, segmental, smooth, con-
centric enhancement and thickening of the vessel walls [63-65]. Enhancement
can be seen in areas of stenosis on MRA, or in non-stenotic segments (Fig. 3).
Even where the lumen is not visualized on VWI, a pattern of periadventitial
linear enhancement can be seen that coincides with the location of smaller
vessels [65]. Enhancement can also be seen in the parenchyma or
leptomeninges [8]. The sensitivity of wall enhancement is 67-100% while the
specificity is 40-48% [8, 66, 67¢] depending on the pattern and population
being studied. Fiden et al. compared 2D to 3D VWI techniques and found
similar sensitivities and specificities, but found more parenchymal and
leptomeningeal enhancement with 3D VWI [8]. Kesav et al. evaluated 49 recent
stroke patients with symptomatic stenosis and were able to reclassify 47.3% of
strokes of unknown etiology based on T1 VWI wall thickening, enhancement
pattern, and T2 signal. One hundred percent of patients with inflammatory
vasculopathy had diffuse concentric wall thickening on T1 imaging, and 92.3%
had diffuse concentric enhancement (one had heterogeneous enhancement). In
contrast, patients with ICAD all had focal eccentric T1 thickening while 84.2%
had focal eccentric enhancement [67¢].

VWI improves the diagnostic yield of brain biopsy for CNS vasculitis by
revealing better stereotactic targets. Non-targeted biopsies have lower yield
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Fig. 3. Central nervous system vasculitis. Reprinted with permission from Mandell et al., American Heart Association [63]. “Axial T1-
weighted vessel wall MRI pre-gadolinium (a) and post-gadolinium (b) at presentation demonstrates arterial wall thickening and
enhancement (arrows). MR angiogram at the time of vessel wall imaging (middle image in c) shows narrowing of the right middle
cerebral artery (arrows) compared with an MR angiogram obtained 2 months earlier (left image in c). Follow-up angiogram 3 months
after vessel wall MRI (right image in c) shows persistent narrowing.”

compared with MRI lesion-targeted biopsies [61]. In one study, none of six non-
targeted right frontal biopsies were diagnostic, while 78% of lesion-targeted
biopsies were diagnostic [68]. Zeiler et al. used VWI features of segmental,
concentric wall enhancement, or circumferential periadventitial enhancement
to target image-guided brain biopsy in 9 patients, and found vascular inflam-
mation in 8 [65]. Given their success, VWI should be considered in pre-surgical
planning for brain biopsy in large-to-medium vessel CNS vasculitis.

The long-term prognosis for CNS vasculitis is variable, and the optimal
duration of immunosuppressive treatment is unknown, so therapy is tailored
to clinical relapses. But serial VWI holds promise in predicting disease activity.
Obusez et al. followed 6 patients treated for vasculitis, and at 11 to 16 months,
4 showed persistent enhancement, 3 of which also had persistent wall thicken-
ing. One of these patients still had active symptoms at follow-up. Meanwhile, 2
showed resolution of enhancement, wall thickening, and stenosis at about 7
months and were asymptomatic or stable [64]. Two case reports of PACNS
tracked response to immunosuppressive treatment with clinical improvement
and found decrease or resolution of wall enhancement at 6 and 9 months [69,
70]. These cases suggest that VWI features follow the clinical course in CNS
vasculitis, but prospective trials are needed to determine if VWI can improve
management.
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Fig. 4. Reversible cerebral vasoconstriction syndrome. Reprinted with permission from Mandell et al., American Heart Association
[63]. “Axial T1-weighted vessel wall MRI pre-gadolinium (a) and post-gadolinium (b) at presentation demonstrates arterial wall
thickening (arrows) but has absent/minimal arterial wall enhancement. Note the slice positioning is different for the right and left
middle cerebral artery images. MR angiography at presentation (c) shows segmental narrowing of the anterior, middle (arrow), and
posterior cerebral arteries bilaterally. Three-month follow-up angiogram (d) shows resolution of arterial narrowing.”

Reversible cerebral vasoconstriction syndrome

VWI may play a complementary role in diagnosing RCVS. Similar to CNS
vasculitis, RCVS can also present with headache (96%), focal neurologic deficit
(40%), infarct (28%), or hemorrhage (46%). Unlike CNS vasculitis, RCVS more
often presents with a thunderclap headache (89% vs. 6% in vasculitis) and
brain MRI may show vasogenic edema (25% vs. 0% in vasculitis). Angiographic
similarities include multivessel, segmental narrowing and dilatation, and dif-
ferences can be subtle [55, 71]. In RCVS, clinical presentation and noninvasive
imaging findings are often sufficient to diagnose RCVS even without DSA, but
many patients will still undergo lumbar puncture, brain biopsy, or empiric
immunosuppressive therapy prior to correct diagnosis [55].

VWI, as a complementary, noninvasive, diagnostic approach, can distin-
guish RCVS from PACNS [63, 64] and ICAD [72]. VWI in RCVS shows diffuse
uniform or concentric wall thickening with mild or no contrast enhancement
(Fig. 4). In 3 studies comparing a total of 38 patients with RCVS with 31
patients with CNS vasculitis, all patients with RCVS had absent or minimal
enhancement (grade 0) (79%) or mild enhancement (grade 1) (21%). In the
vasculitis group, 1 patient (3%) had no enhancement, 6 patients (19%) had
mild enhancement (grade 1), and 25 patients (80%) had the highest grade of
enhancement (present or grade 2). When present, enhancement was diffuse in
both RCVS and vasculitis. Arterial wall thickening and stenosis were seen in
74% of patients with RCVS and 97% of patients with vasculitis. Notably, of 12
patients with RCVS followed with VWTI at 1.5 to 3.5 months, 11 (92%) had a
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resolution of wall enhancement and thickening, and one had near-resolution
[63, 64, 72]. In summary, the absence of wall enhancement may be the most
important distinguishing feature of VWI for distinguishing RCVS or vasculitis
and may prevent the potentially deleterious use of empiric glucocorticoid
treatment 73] or brain biopsy in this population.

Moyamoya

The unique arterial wall features and collateralization found in moyamoya
syndrome or moyamoya disease (MMD) are easily seen with VWI and can be
leveraged to improve diagnoses and potentially predict disease progression.
MMD is a chronic noninflammatory, occlusive arteriopathy characterized by
progressive stenosis affecting predominantly the bilateral terminal internal
carotid arteries [74]. As stenoses progress, neovascularization leads to the
development of wispy basal collaterals. While steno-occlusive disease causes
borderzone strokes or seizures [75], neovascularization can lead to intracerebral
hemorrhage [75, 76]. MMD presents in childhood or middle-adulthood; is ten
times more common in East Asians, twice as common in women; and is
familial in 10-15% of cases. Moyamoya syndrome occurs when progressive
stenoses are secondary to systemic disease such as diabetes, [CAD, sickle-cell
disease, cranial irradiation, Down syndrome, or neurofibromatosis type I [75].

VWI in MMD reveals negative arterial remodeling with concentrically
smaller outer wall diameter, wall area, and remodeling index compared
with other chronic vasculopathies (Fig. 5) [77-79]. Arterial shrinkage is
related to moyamoya staging [79]. Furthermore, collateral vasculature can
be seen directly around the area of stenosis [79]. Kim et al. used VWI to
measure outer wall diameters of stenotic MCAs to discriminate etiology in
a group of 12 patients with MMD and 20 patients with ICAD. An outer
wall diameter threshold of 2.39 mm provided 90% sensitivity, while a
threshold of 2.48 mm provided 100% specificity [78].

Findings on VWI enhancement patterns in moyamoya are more nuanced.
Kim et al. found that patients with MMD have concentric occlusive lesions that
rarely enhance (28.6%) compared with ICAD (76.5%) [78]. However, Ryoo
et al., in a larger sample, found that diffuse concentric enhancement is often
found in MMD (90.6%). However, the diffuse concentric enhancement pattern
in MMD was distinct from patients with ICAD, who had predominantly focal
eccentric enhancement localized at the stenosis [77]. Strong vessel enhancement
in MMD is associated with acute infarct and may also predict disease progression
[80, 81ee]. Roder et al. evaluated 31 MMD patients with VWI longitudinally and
found that while 69% had no or mild wall enhancement, which was associated
with disease stability, 17% had strong wall enhancement, which was associated
with clinical progression within 6 months [81ee]. Muraoka et al. studied 24
patients with MMD with repeat MRI VWI at an interval of 6 months and found
that strong wall enhancement was an independent predictor of progression of
luminal stenosis on imaging, with an odds ratio of 36 [82].

Finally, the diagnostic utility of VWI in moyamoya was confirmed in a small
study by Mossa-Basha et al., who found that adding a multi-contrast VWI
protocol (including T1 pre- and post-contrast and T2) to conventional MRI
and MRA improved the inter-reader agreement from 11 to 82% when
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Fig. 5. Moyamoya disease. Reprinted with permission from Ryoo et al., American Heart Association [77]. “Cases of moyamoya
disease (MMD), intracranial atherosclerotic disease (ICAD), and a normal control showing different high-resolution MRI findings. a
MMD showing shrinking middle cerebral artery (MCA; arrows) and concentric enhancement on bilateral distal internal carotid
arteries (ICAs; arrowheads). b Thick MCA with positive remodeling (arrows) in ICAD. Enhancement of the left distal ICA is eccentric
(arrowhead). ¢ Normal control has MCA without shrinkage or plaque and no enhancement on distal ICAs.” PD, proton density; T1CE,
T1 contrast-enhanced; WA, wall area; RI, remodeling index.

distinguishing MMD from moyamoya syndrome due to ICAD or vasculitis [83].
In summary, while terminal ICA shrinkage on VWI, particularly smaller outer
wall diameter, is an important diagnostic feature for MMD, enhancement pat-
terns may be useful for predicting clinical or radiographic disease progression.

Intracranial aneurysms

VWI provides better visualization of intracranial aneurysms to identify and risk-
stratify this common but devastating cerebrovascular pathology. Unruptured
intracranial aneurysms are prevalent in 3.2% of the adult population [84], and
aneurysmal subarachnoid hemorrhage has a high rate of morbidity and mortality
[85]. Risk factors for rupture include site, greater size, shape, prior rupture, female
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sex, Japanese or Finnish ancestry, tobacco use, and elevated blood pressure. Large
population studies of unruptured aneurysms have led to the development of risk
calculators to help guide management, including the ISUIA calculator, the
PHASES score, and the ELAPSS score [86-88]. While the annual risk of rupture
for a small aneurysm is low [90], aneurysms less than 5 mm still account for half
of all aneurysmal subarachnoid hemorrhages [91]. Risk of rupture is balanced
with the risk of aneurysm coiling or clipping, which may depend on aneurysm
site and morphology. Since VWI provides detail of the aneurysmal wall not
available via other imaging modalities, it holds promise as a noninvasive tool
to improve aneurysm identification, risk-stratification, and management.
Aneurysmal wall enhancement (AWE) is an imaging feature distinct to VWI
that may be complementary to morphological changes seen with conventional
angiography for risk stratification. Other features such as size and morphology are
easily gleaned from angiographic techniques. Aneurysmal wall thickness mea-
surements are unreliable with VWI resolution, since the aneurysm wall is typically
much thinner than the healthy arterial wall. So AWE has been the primary focus
of most VWI studies. Histopathologic correlation studies found that AWE in
unruptured aneurysms correlated with wall thickening, development of vasa
vasorum, and macrophage infiltration [92e]. Enhancement may also reflect
atherosclerotic changes that contribute to aneurysm growth in older patients.
While smaller studies found no AWE in unruptured aneurysms, larger
studies found that 18-38.4% of asymptomatic, unruptured aneurysms enhance
[89e, 926, 93, 94e]. AWE is associated with aneurysm size [95-98], irregular
shape [97], and a higher PHASES score [96, 97, 99]. AWE is also more common
when neurologic symptoms are present [89, 97, 100-102]. In a large meta-
analysis by Texakaladis et al., AWE was significantly associated with aneurysm
instability, as defined by growth, neurologic symptoms, or rupture. Sensitivity
of enhancement was 95%, and negative predictive value was 96.2%, although
specificity was only 62.7% and positive predictive value only 55.8% [103].
Few studies have evaluated the predictive power of AWE longitudinally.
Edjlali et al. evaluated 241 patients with 307 unruptured aneurysms with VWI
who had repeat angiography at 6 months. Enhancement, graded 0 to 3, was
significantly associated with unstable aneurysms at baseline (symptomatic or
recent morphologic change) or growth at 6 months. Only 4 stable aneurysms
grew at 6 months. Enhancement was found in 71% of unstable aneurysms, and
only 38.4% of the 276 stable aneurysms that remained stable at 6 months.
Using grade 3 enhancement yielded greater specificity at 84.4% (Fig. 6) [89e].
Vergouwen et al. followed 57 patients with 65 unruptured aneurysms for a
median of 27 months. At baseline, 29% of aneurysms enhanced. Only 4
aneurysms, all enhancing, grew or ruptured by follow-up [104]. Matsushige
et al. evaluated 60 unruptured aneurysms with serial angiography over at least 2
years (mean 49 months). While 10% had shown expansion prior to the study
period, 45% of the aneurysms grew, 48% of which had AWE. However, when
growth was distinguished as whole sac expansion vs. daughter sac formation,
enhancement was more common in 82% of those with daughter sac formation.
Meanwhile, only 28% of stable aneurysms enhanced [105¢]. These data suggest
that lack of enhancement predicts aneurysm stability, but enhancement has
only modest specificity or predictive power.
Finally, AWE on VWI is found in 88.5-100% of ruptured aneurysms, and
enhancement has been proposed as a way to identify ruptured aneurysms when
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Fig. 6. Reprinted with permission from Edjlali et al., Radiological Society of North America [89e]. “Grading of aneurysm wall
enhancement. For each aneurysm represented on a row, a 3D time-of-flight MRA is shown in the left column, a 3D T1-weighted fast-
spin-echo image is in the middle column, and a 3D T1-weighted fast-spin-echo image obtained after enhancement with gadolinium
chelate is shown in the right column. a Grade 0: non-enhancing anterior communicating artery aneurysm. b Grade 1: focal thick wall
enhancement of a middle cerebral artery aneurysm. ¢ Grade 2: thin and circumferential wall enhancement of a middle cerebral artery
aneurysm. d Grade 3: thick (> 1 mm) and circumferential wall enhancement of a middle cerebral artery aneurysm. Focal
enhancement greater than 1 mm within otherwise thin circumferential aneurysmal wall enhancement was grade 3.”

Conclusion

multiple aneurysms are present [89e, 93, 94e, 106, 107]. Enhancement can be
circumferential or focal. Focal enhancement may reflect intraluminal thrombus
and the point of rupture [105¢]. Few studies have used VWI to identify the
bleeding source when DSA is negative. Vergouwen et al. evaluated 7 patients
with perimesencephalic hemorrhage with VWI at 7 T and found no arterial wall
abnormalities [108]. Coutinho et al. used the 3-T VWI in 11 patients with non-
perimesencephalic subarachnoid hemorrhage with normal angiograms. Seven
patients had wall enhancement, but 5 were considered nonspecific or unrelated.
The other 2 had focal abnormalities of the outer margin of the basilar artery,
which could have been a ruptured blood blister aneurysm, a thrombosed
aneurysm, or just loculated extramural blood. The authors concluded that
VWI did not change management [109]. Further prospective studies are needed
to determine the value of VWI in cryptogenic subarachnoid hemorrhage.

In summary, VWI can provide new insights into cerebrovascular pathologies
not readily apparent on conventional angiographic imaging. Commercially
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available MRI pulse sequences for 3D isotropic, whole-brain, VWI should
hasten the widespread adoption of this technique. The noninvasive nature of
VWI and the complementary information it provides make it suitable for
distinguishing intracranial vasculopathies, particularly when the diagnosis is
in question and DSA and biopsy are being considered. Clinicians should be
familiar with VWI features of ICAD, intracranial dissection, CNS vasculitis,
RCVS, and moyamoya, since VWI may spare unnecessary invasive testing, or
identify a better biopsy site. While VWI holds promise for predicting recurrent
strokes in ICAD and rupture or growth of intracranial aneurysms, its utility
should be confirmed in large, prospective, longitudinal studies. Future studies
should evaluate the utility of VWI in monitoring disease activity and treatment
effects for ICAD and CNS vasculitis.
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