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KEY POINTS

� Overview on the epidemiology, risk factors, risk of recurrence and management of intracranial atherosclerotic disease.

� Description of vulnerable atherosclerotic plaques and stroke mechanisms in ICAD.

� Important points on how to perform and optimize HR MR VWI protocols.

� How to differentiate normal vessel from stable and unstable atherosclerotic plaques as well as other neurovascular
pathology on MR VWI.

� Future advancements and limitations in MR VWI in ICAD.
INTRODUCTION
Although cervical carotid vessel wall imaging (VWI) is
well established and now commonly used in clinical
practice, the widespread adoption of intracranial VWI
has been hindered by multiple technical challenges.
Magnetic resonance (MR) VWI of the smaller and
more tortuous intracranial anatomy requires higher
spatial resolution and signal/noise ratio (SNR),
while maintaining acceptable scan times to minimize
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motion-related artifacts. Although the optimal imaging
protocols for intracranial VWI remain a topic of
ongoing research, VWI is already clinically used in
conjunction with conventional luminal imaging tech-
niques in many leading medical centers to provide a
more comprehensive assessment of intracranial athero-
sclerotic disease (ICAD) and vasculopathies.

This article highlights the epidemiology and risk fac-
tors contributing to intracranial atherosclerosis, the
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histologic progression of ICAD, and the various mecha-
nisms by which it can result in ischemic stroke. We will
discuss the relevant technical factors that must be
considered when optimizing MR VWI protocols. In
addition, the MR VWI findings that may be related to
ICAD plaque instability are described and differentiated
from other intracranial vasculopathies. In addition, the
current limitations and future directions of MR VWI in
ICAD are discussed.
INTRACRANIAL ATHEROSCLEROTIC
DISEASE EPIDEMIOLOGY AND RISK
FACTORS
ICAD is the most common cause for stroke worldwide
[1]. Stroke is the fifth leading cause of death, and it is
the leading cause of disability in the United States,
with an annual incidence of 795,000 cases, 87% of
which are ischemic [2]. Among those, 8-17% are sec-
ondary to ICAD, with an annual risk of recurrence as
high as 15% [3–6].

However, the risk of stroke caused by intracranial
atherosclerosis varies greatly among different popula-
tions and ethnicities, ranging from 1% in non-
Hispanic whites to 50% in Asian and Chinese popula-
tions [7]. In a population-based Rotterdam study of
white Europeans, intracranial artery calcification was
used as a surrogate marker for ICAD and was observed
in 82% of the population, increasing with age from 10-
30% in individuals 20 to 29 years old to 95% in those
aged 80 years and older [8]. ICAD was observed signif-
icantly more in Asian, African, and Hispanic popula-
tions. In a study of the North American population in
Manhattan, African American and Hispanic patients
harbored 5 times higher rates of ICAD compared to
whites, which corresponded with higher ischemic stroke
rates amounting to 3, 13, and 15 per 1000 in whites,
Hispanics, and African Americans, respectively [9]. In
southern Asian and Chinese studies, ischemic strokes
secondary to ICAD ranged from 33% to 54%, with
one Chinese study identifying it as the underlying etiol-
ogy for transient ischemic attacks (TIA) in 51% of pa-
tients [10–14]. The prevalence of asymptomatic ICAD
detected on transcranial Doppler and MR angiography
(MRA) studies had been reported in multiple studies
to vary between 3.5% and 15% depending on age and
ethnicity [7], with some Japanese and Chinese studies
identifying asymptomatic ICAD rates as high as 15%
and 20-30%, respectively [15,16]. One Chinese post
mortem autopsy study reported that intracranial athero-
sclerosis was identified in at least 1 large intracranial ar-
tery in 30% of patients in their sixth and seventh
decades and in 50% of patients in their eighth and
ninth decades of life [17].

Multiple modifiable and nonmodifiable risk factors
have been associated with ICAD, including age, gender,
alcohol intake, smoking, hypertension, serum lipid
profile, and diabetes [7,8,18]. Some studies have
shown male gender to be a significant risk factor for
asymptomatic ICAD [19], whereas others have found
no association between male sex, smoking, or hyper-
lipidemia in asymptomatic disease [20]. Age, hyperten-
sion, and diabetes mellitus were found in several
studies to be independent risk factors for symptomatic
and asymptomatic ICAD [19–21]. Metabolic syn-
drome, which is a combination of risk factors (hyper-
tension, hyperglycemia, hypercholesterolemia,
hypertriglyceridemia, and increased abdominal fat
related to insulin resistance) was shown to be highly
prevalent in patients with ICAD, with some studies
identifying it as an independent risk factor for symp-
tomatic ICAD [22–24].
INTRACRANIAL ATHEROSCLEROTIC
DISEASE STROKE RECURRENCE
Stroke progression and recurrence is common in ICAD-
related ischemic events. Progressive neurologic deficits
within 2 days of symptom onset have been reported
in 14% of patients with ICAD [25]. Other studies
have reported a 13% risk of symptomatic stroke recur-
rence within 2 to 7 days of the original event [26],
and a 10% in-hospital mortality during the initial
admission [27]. Another study showed that 56% of pa-
tients medically managed for ICAD-related infarcts were
readmitted with recurrent ischemic stroke affecting the
same arterial territory, with a median presentation
time of 28 days from the initial event [28]. This same
study also reported a 100% stroke recurrence in a 3-
month period for patients with basilar artery stenosis
[28]. In a long-term Chinese study of patients with
ICAD stroke, the annual risk of stroke recurrence in
the first year was 17.1% for patients with intracranial
atherosclerosis alone and 24.3% for patients with com-
bined intracranial and extracranial atherosclerotic dis-
ease [29]. Furthermore, one study showed that
symptomatic recurrences represent only approximately
25% of the total recurrent strokes that can be docu-
mented on MRI [26]. In this study, 51% of patients
developed new or recurrent ischemic strokes within
7 days as seen on MR diffusion-weighted imaging
(DWI); however, only 13% of those infarcts were symp-
tomatic [26]. Most of these recurrent strokes were noted
in the same arterial territory, with the highest risk of
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recurrence seen in women and patients presenting with
greater than or equal to 70% stenosis [3].
INTRACRANIAL ATHEROSCLEROTIC
DISEASE MANAGEMENT
Because patients with the greatest degree of atheroscle-
rotic stenosis demonstrated the highest risk for recurrent
stroke, initial interventional trials logically targeted
ICAD lesions with early angioplasty and stenting to
relieve luminal narrowing in the hope that this would
decrease the risk for stroke progression or recurrence.
This approach was further encouraged by the favorable
outcomes of cervical carotid interventions in the NAS-
CET (North American Symptomatic Carotid Endarterec-
tomy Trial) and CREST (Carotid Revascularization
Endarterectomy vs. Stenting Trial) trials [30,31]. Howev-
er, early data quickly refuted this hypothesis. In 2011, the
SAMMPRIS (Stenting and Aggressive Medical Manage-
ment for Preventing Recurrent Stroke in Intracranial Ste-
nosis) randomized control trial comparing endovascular
angioplasty/stenting with aggressive medical manage-
ment in patients with severe stenosis (>70%) was termi-
nated after an interim analysis showed the superiority of
medical management with lower rates of recurrent
strokes within 30 days (5.8% vs 14.7%) as well as no
long-term benefit at 1 year (12% vs 20%) [32]. These re-
sults were reproduced by the VISSIT (Vitesse Intracranial
Stent Study for Ischemic Stroke Therapy) trial that same
year, which compared endovascular intervention using
balloon-expandable stents with medical management
in symptomatic (>70%) intracranial stenosis and
showed that the 1-year risk for stroke recurrence was
significantly higher with stenting compared with the
medical management group (36.2% vs 15.1%) [33].
Table 1 summarizes the results of the largest randomized
trials and data registries comparing different treatments
for ICAD. Given the results of these randomized
controlled trials, maximal medical management re-
mains the mainstay of clinical practice in patients with
stroke secondary to ICAD.

However, many patients fail medical management,
returning with recurrent ischemic events, and expert
opinion maintains that properly selected patients may
still benefit from endovascular treatment in refractory
ICAD. To this date, no randomized controlled trials
have been conducted comparing the safety and efficacy
of endovascular treatment versus medical management
in patients presenting with recurrent strokes despite
aggressive medical therapy, but many practitioners
and institutions think it is reasonable to pursue endo-
vascular treatment in these cases. The early
identification of patients at risk for failing aggressive
medical management as per the SAMMPRIS criteria is
a goal of current research, because these patients may
benefit from aggressive endovascular interventions.
The proper selection of these patients requires a better
understanding of the underlying histopathology of
ICAD plaques and the mechanisms of stroke resulting
from different plaque subtypes.
LUMINAL ANGIOGRAPHY LIMITATIONS
The diagnosis and characterization of intracranial
atherosclerosis have traditionally been limited to
luminal imaging techniques that evaluate the degree
of intracranial stenosis. Digital subtraction angiography
(DSA) is the gold-standard luminal imaging technique,
and it can accurately depict stenoses in both large, prox-
imal vessels as well as small, distal arteries, but its inva-
sive nature carries a small risk of TIA/stroke itself.
Noninvasive luminal imaging modalities include
computed tomography angiography (CTA) and MR
angiography (MRA), which are widely accessible, safe,
and can accurately diagnose stenoses in proximal, intra-
cranial arteries. However, the evaluation of smaller,
more distal intracranial vessels with CTA and MRA is
limited [40,41].

DSA, CTA, and MRA imaging techniques are inher-
ently limited to evaluation of the vessel lumen, result-
ing in the underdiagnosis of ICAD because clinically
significant disease may result in outward remodeling
of the affected vessel without stenosis [42,43]. As
initially described in the coronary arteries, intracranial
atherosclerotic plaques first expand outward before
causing luminal narrowing [44,45], and thus nonste-
notic plaques are underestimated or missed on
luminal imaging techniques [46–48]. For example, in
a postmortem study of 339 patients with stroke, 59%
harbored intracranial plaques, whereas only 37.2% of
these plaques were associated with a stenosis greater
than 30%, suggesting that nonstenotic plaques
comprise the majority of ICAD [49]. Other studies
have even reported that ICAD plaques with positive
remodeling (outward wall growth) are more likely to
be symptomatic and pose a higher risk for downstream
microemboli compared with atherosclerotic disease
with negative remodeling (vessel luminal narrowing)
[43,50]. For this reason, luminal imaging techniques
alone cannot accurately identify high-risk atheroscle-
rotic lesions. In addition, luminal imaging is often un-
able to differentiate ICAD from the similar-appearing
multifocal stenoses of alternative intracranial vasculo-
pathies [51–53].



TABLE 1
Randomized Controlled Trials and Data Registries Comparing the Effects of Different Treatments On Stroke Recurrence in Patients with Intracranial
Atherosclerotic Disease

Study/Date Patients

Time from
Symptom
Onset Arterial Disorder Treatment Group Control Group

Duration of
Follow-up Primary Outcome

Cases vs
Controls
(%) Risk Reduction/OR

WASID,
Chimowitz
et al, [34],
2005

569 90 d
(median,
16 d)

50%–99%
stenosis

Warfarin (target INR
2.0–3.0; n 5 289)

Aspirin (1300 mg/d;
n 5 280)

1.8 y
(mean)

Ischemic stroke,
brain
hemorrhage,
death from
vascular cause

21.8 vs
22.1

No difference (HR,
1.04; 95% CI,
0.73–1.548;
P 5 .83) with
warfarin

ESPRIT,
Halkes
et al [35],
2006

2739 6 mo Presumed arterial
origin (degree
of stenosis
not specified)

Aspirin 30–325 mg
(median, 75 mg)
daily plus
dipyridamole
(200 mg twice
daily); n 5 1363

Aspirin 30–325 mg
(median, 75 mg)
daily; n 5 1376

3.5 y
(mean)

Death from vascular
cause, nonfatal
stroke or MI,
major bleeding

13 vs 16 Risk reduction (HR,
0.80; 95% CI,
0.66–0.98; ARR
1.0% per year;
95% CI, 0.1–1.8)
with aspirin plus
dipyridamole

ESPRIT,
Halkes
et al [36],
2007

1068 6 mo Presumed arterial
origin (degree
of stenosis
not specified)

Oral anticoagulant
(target INR,
2.0–3.0;
n 5 536)

Aspirin 30–325 mg
(median, 30 mg)
daily; n 5 1376

4.6 y
(mean)

Death from vascular
cause, nonfatal
stroke or MI,
major bleeding

19 vs 18 No difference (HR,
1.02; 95% CI,
0.77–1.35) with
oral
anticoagulation

FISS,
Wong
et al [37],
2007

353 48 h Large artery
occlusion (300
only intracranial,
42 had both
intracranial and
extracranial
and 11 only
extracranial)

LMWH
(subcutaneous
nadroparin
calcium 3800
anti–factor Xa
IU/0.4 mL) twice
daily for 10 d
followed by
aspirin 80–
300 mg once
daily for 6 mo;
n 5 180

Aspirin 160 mg daily
for 10 d followed
by aspirin 80–
300 mg once
daily for 6 mo;
n 5 173

6 mo Good outcome
(Barthel
index � 85)

73 vs 69 ARR, 4%; 95% CI,
�5 to 13 with
aspirin

PRoFESS,
Sacco
et al [38],
2008

20,332 90 d 28% of patients
had large artery
atherosclerosis

Aspirin 25 mg plus
200 mg of
extended-release
dipyridamole
twice daily;
n 5 10,181

Clopidogrel 75 mg
daily; n 5 10,151

2.5 y
(mean)

Recurrent stroke 9 vs 8.8 No difference (HR,
1.01; 95% CI,
0.92–1.11) with
aspirin and
extended-release
dipyridamole



TOSS-2 [39],
2011

457 2 wk Focal stenosis
(mild, moderate,
or severe) and
occlusion
(w1% of cases)
in MCA or BA

Cilostazol 100 mg
twice daily
plus aspirin
75–150 mg
once daily;
n 5 232

Clopidogrel 75 mg
once daily
plus aspirin
75–150 mg
once daily;
n 5 225

7 mo Progression of
stenosis on MRI

9.3 vs
15.5

No difference (OR,
0.61; P 5 .092)
with cilostazol
plus aspirin

SAMMPRIS,
Chimowitz
et al [32],
2011

451 30 d
(median,
7 d)

70%–99%
stenosis

PTAS using the
Wingspan stent
plus AMM
(clopidogrel
75 mg daily plus
aspirin 325 mg
daily followed by
aspirin
monotherapy
with controlling
SBP<140 mm Hg
(and <130 mm Hg
in diabetics) and
LDL<70 mg/dL
using statin with
lifestyle
modification);
n 5 227

AMM (clopidogrel
75 mg daily plus
aspirin 325 mg
daily followed by
aspirin
monotherapy
with controlling
SBP<140 mm Hg
(<130 mm Hg in
diabetics) and
LDL<70 mg/dL
using statin with
lifestyle
modification);
n 5 224

1 y Stroke or death
within 30 d of
enrollment or
after
revascularization
procedure of
qualifying lesion

Stroke in qualifying
artery territory
beyond 30 d

20 vs
12.2

AMM is superior
(P 5 .009) to
PTAS plus AMM
in patients with
severe
symptomatic
intracranial
stenosis

VISSIT,
Zaidat
et al [33],
2015

112 30 d 70%–99%
stenosis

Balloon-expandable
stent plus
medical
management
(clopidogrel
75 mg daily
plus aspirin
81–325 mg daily
for 3 mo followed
by aspirin
monotherapy);
n 5 59

MM (clopidogrel
75 mg daily
plus aspirin
81–325 mg daily
for 3 mo followed
by aspirin
monotherapy);
n 5 53

1 y Stroke in the same
vascular territory
within 12 mo
TIA in the same
vascular territory
2–12 mo

36.2 vs
15.1

MM is superior
(P 5 .02) to
balloon-
expandable stent
plus MM in
patients with
severe
symptomatic
intracranial
stenosis

Abbreviations: ARR, absolute risk reduction; AMM, aggressive medical management; BA, basilar artery; CI, confidence interval; ESPRIT, European/Australasian Stroke Prevention in Reversible
Ischaemia Trial; FISS, Fraxiparine in Ischaemic Stroke; HR, hazard ratio; INR, international normalized ratio; LDL, low-density lipoprotein; LMWH, low-molecular-weight heparin; MCA, middle cerebral
artery; MI, myocardial infarction; OR, odds ratio; PRoFESS, Prevention Regimen for Effectively Avoiding Second Strokes trial; PTAS, percutaneous transluminal angioplasty and stenting; SAMMPRIS,
Stenting and Aggressive Medical Management for Preventing Recurrent Stroke in Intracranial Stenosis; SBP, systolic blood pressure; TOSS-2, Trial of cilOstazol in Symptomatic intracranial Stenosis 2;
TIA, transient ischemic attack; VISSIT, Vitesse Intracranial Stent Study for Ischemic Stroke Therapy; WASID, Warfarin-Aspirin Symptomatic Intracranial Disease.
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IntracranialMRVWIhas recently beendeveloped and
optimized to augment traditional luminal imaging tech-
niques. Proper clinical application of VWI allows the
detection of nonstenotic inflammatory atherosclerotic
plaques and may help to differentiate between ICAD
and alternative intracranial vascular diseases [54–58].
INTRACRANIAL ATHEROSCLEROTIC
DISEASE AND VULNERABLE PLAQUE
PATHOPHYSIOLOGY
Intracranial atherosclerosis typically develops initially
in the fourth decade of life, approximately 2 to 3 de-
cades later than atherosclerosis of the coronary arteries
and extracranial carotid arteries [59]. However, some
studies have reported an earlier onset of ICAD in Asian
patients compared with Caucasians [60]. The basilar ar-
tery (BA) followed by the proximal middle cerebral ar-
tery (MCA) are the sites most commonly affected by
ICAD [59,61].

The severity of coronary atherosclerotic disease has
been shown to correlate with the severity of extracranial
carotid atherosclerosis within the same patient, but
there is a weaker correlation with the severity of ICAD
[62]. This finding may be explained by the histologic
differences between intracranial arteries and extracra-
nial carotid or coronary arteries. Although they share
the same 3 vessel wall layers (inner intima, middle me-
dia, and outer adventitia), intracranial arteries possess a
thicker fenestrated internal elastic lamina and a thinner
media and adventitia. In contrast with extracranial ar-
teries, intracranial arteries possess no external elastic
lamina or vasa vasorum, rather facilitating exchange
with the cerebral spinal fluid [63].

Atherosclerosis was initially described as an inside-
out process, beginning with irritation to the intima
caused by chronic endothelial disruption from long-
term exposure to vascular risk factors. However, recent
hypotheses suggest that atherosclerotic plaques may
instead develop in an outside-in manner, beginning
in the adventitia [64]. The vasa vasorum is a network
of microvessels present in the adventitia that supplies
oxygen and nourishment to the arterial wall, and has
been implicated in the development, progression,
and destabilization of atherosclerotic plaques. It has
been postulated that the vasa vasorum contributes to
plaque deposition and progression by carrying inflam-
matory cells into the plaque and to plaque destabiliza-
tion by rupturing to cause intraplaque hemorrhage
[65–67]. Intracranial arteries possess thinner media
and adventitial layers and lack the external elastic lam-
ina, which renders them more permeable to nutrients
and oxygen diffusion from the nutrient-rich cerebrospi-
nal fluid (CSF) bathing those arteries. The availability
of oxygen and nutrients from the surrounding CSF
removes the need for a vasa vasorum to deliver nutri-
ents to the intracranial arteries. However, the develop-
ment of atherosclerosis later in life may render the
intracranial arteries less permeable to nutrients from
the CSF, and it has been suggested that the vasa vaso-
rum proliferates as a result of this decreased perme-
ability to provide the arterial wall with the necessary
nutrients [56,68]. Data shows that the vasa vasorum
is normally present in the extracranial arteries and
only the most proximal intracranial arteries, but it ex-
tends contiguously into the more distal intracranial ar-
teries with aging, vessel wall thickening, and hypoxia
in order to meet the increasing nutrient demands
[56,69]. The distribution of intracranial vasa vasorum
may explain the observation that atherosclerosis most
commonly affects the proximal intracranial arteries.

Plaque formation advances through a 3-stage pro-
cess. First, in the fatty-streak stage, low-density lipopro-
tein (LDL) accumulates in the intima and oxidizes into
oxidized LDL (OxLDL), which subsequently activates
endothelial cells to produce cytokines and express adhe-
sion proteins. Adhesion proteins allow T lymphocytes
and monocytes to infiltrate the endothelium, and these
cells later differentiate into macrophages and engulf
OxLDL, ultimately forming foam cells that accumulate
on the arterial wall and create the characteristic lipid
streaks. In the second stage, the fibrous-plaque stage,
macrophages and T lymphocytes secrete cytokines and
growth factors (interleukin-1 and tumor necrosis fac-
tor), thereby initiating a chronic inflammatory process,
with resultant proliferation and migration of smooth
muscles cells (SMCs) from media to intima, where
they engulf OxLDL to form SMC-derived foam cells.
These SMC-derived foam cells then release extracellular
matrix proteins that form the fibrous cap which covers
the plaque and characterizes this stage of plaque devel-
opment. In addition, the third and most advanced stage
is characterized by plaque rupture. In this stage,
apoptosis and necrosis of macrophage-derived and
SMC-derived foam cells lead to extracellular lipid accu-
mulation and formation of a lipid necrotic core that ex-
pands and distends the plaque. In conjunction with
proteolytic metalloproteinases secreted by the macro-
phages, this results in disruption of the fibrous plaque
and ultimately in plaque rupture [70]. Plaque calcifica-
tion usually occurs in this advanced stage and may
develop from a passive process of dystrophic calcifica-
tion or an active process of calcium formation by
SMC-derived osteoblast-like cells [71]. Plaque rupture
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exposes the collagen and lipid core to the lumen of the
blood vessel, inducing platelet aggregation, coagula-
tion, and thrombus formation, which could occlude
the vessel at the site of the plaque or may embolize,
causing downstream occlusions and infarction.

Based on the coronary and carotid literature, a
vulnerable or unstable plaque is defined as a plaque
that contains a large lipid necrotic core, intraplaque
hemorrhage, and marked inflammation with a thin/
ruptured fibrous cap separating the plaque contents
from the lumen. In addition, these vulnerable plaques
are usually associated with positive arterial remodel-
ing. In contrast, stable plaques possess a higher fibrous
component, a smaller lipid necrotic core, and fewer in-
flammatory cells, and the contents of a stable plaque
are usually separated from the arterial lumen by a thick
fibrous cap [72,73]. A histologic study of MCA plaques
in symptomatic and asymptomatic patients showed
similarities in plaque characteristics to the extracranial
carotid arteries, with vulnerable symptomatic MCA
plaques showing higher degrees of stenosis, greater
lipid content (>40% of plaque), intraplaque hemor-
rhage, neovascularization, and increased thrombus
compared with asymptomatic plaques. Degree of ste-
nosis, lipid content, and neovascularization were inde-
pendent predictors for MCA infarction [74]. High-
resolution VWI is the only imaging technique with
the potential to characterize plaque components and
allow clinicians to differentiate vulnerable, unstable
versus stable plaques. Table 2 outlines the signal inten-
sities of different plaque components as described in
TABLE 2
Signal intensities of different plaque components in m
literature

3D TOF MRA T1WI

Fibrous Cap Iso/hypo Iso

Intraplaque
Hemorrhage
(Acute/ Subacute /
Chronic)

Hyper /
hyper / hypo

Hyper /
hyper /hy

Lipid Necrotic Core Iso Iso/hyper

Calcification Hypo Hypo

Neovascularization — —

Inflammation — —

Abbreviations: 3D, three-dimensional; hyper, hyperintense; hypo, hypointe
weighted imaging; T2WI, T2-weighted imaging.
Data from Refs [75–77].
the carotid VWI literature [74]. Preliminary studies
have reported similar imaging characteristics among
ICAD plaques.
INTRACRANIAL ATHEROSCLEROTIC
DISEASE STROKE MECHANISMS
Ischemic strokes have been grouped into 5 clinical types
according to the TOAST (Trial of Org 10172 in Acute
Stroke Treatment) classification: (1) large artery athero-
sclerosis, (2) cardioembolic, (3) small-vessel occlusion
(lacunar infarcts), (4)stroke with other rare cause (eg,
dissection and arteritis), and (5) stroke of undeter-
mined cause or cryptogenic stroke [78]. Most non-
lacunar strokes are thromboembolic, and common
sources of emboli include the heart, venous thrombosis
with paradoxic embolism, or any non-occlusive athero-
sclerotic plaque from the aorta to the cervical and cere-
bral arteries [79]. Intracranial atherosclerosis can result
in 3 different types of ischemic stroke via unique mech-
anisms that are not mutually exclusive:
1. Thromboembolic (artery to artery) stroke secondary

to plaque rupture and fragmentation producing
scattered or large arterial territory infarct

2. Lacunar (perforator) infarcts secondary to plaque
overgrowth/rupture and local occlusion of perfo-
rator artery ostia

3. Hypoperfusion (watershed or border-zone) infarcts
resulting from arterial lumen stenosis and flow lim-
itation with failure of the collaterals to maintain ce-
rebral blood flow to the affected territory [80]
ulticontrast–weighted images from the carotid

T2WI PD weighted Postcontrast

hyper Iso/hyper Enhance

po
Iso/hypo /

hyper /hypo
Iso/hypo /

hyper /hypo
�

Hypo Hyper �
Hypo Hypo �
— — Enhance

— — Enhance

nse; iso, isointense; PD, proton density; TOF, time of flight; T1WI, T1-
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Arterioembolic infarcts caused by plaque rupture
usually occur in vulnerable plaques that contain
larger lipid-rich necrotic cores and intraplaque hem-
orrhage with thin fibrous caps. Patients with these
vulnerable plaques can benefit from plaque-
stabilizing medical therapy, including aspirin and sta-
tins [81]. In contrast, patients with stable plaques
(containing smaller lipid necrotic cores with more
fibrous tissue and thicker fibrous cap) but causing
high-grade, flow-limiting stenoses and tissue hypo-
perfusion may benefit from endovascular revasculari-
zation procedures. However, endovascular
angioplasty/stenting of vulnerable plaques probably
increases the risk of intraprocedural complications
caused by plaque/thrombus disruption with embolic
or perforator ischemic complications. The differentia-
tion between stable and unstable/vulnerable plaques
and the mechanism of ischemic stroke is critical for
the proper clinical triage and recurrent stroke preven-
tion in these patients.
MAGNETIC RESONANCE VESSEL WALL
IMAGING PROTOCOLS
Several factors must be considered in developing an
optimized MR VWI protocol:
1. Blood and CSF nulling techniques to achieve the

best contrast/noise ratio (CNR)
2. Minimum required spatial resolution for accurate

diagnosis
3. Two-dimensional (2D) versus three-dimensional

(3D) imaging
4. T1- weighted imaging (T1WI)/T2-weighted imaging

sequences
5. MR field strength required to achieve diagnostic

CNR and SNR within institutional time con-
straints [82]

Blood and Cerebrospinal Fluid Suppression
For optimal image contrast, blood and CSF suppression
techniques must be properly implemented for adequate
depiction of the inner and outer walls of blood vessels
[82]. Black-blood nulling as a result of intravoxel
dephasing is an innate property of 3D turbo spin echo
(TSE) sequences with variable flip angle refocusing
pulses and is the most commonly used blood suppres-
sion technique [57,83,84]. Other techniques include
the use of preparation pulse protocols, including dou-
ble inversion recovery (DIR) [85], delay alternating
with nutation for tailored excitation (DANTE) [86],
and flow-sensitive dephasing [87]. Although the use
of preparation techniques such as DANTE has been
shown to improve image contrast secondary to better
blood suppression [88,89], their application increases
imaging time. A tradeoff between acquisition time
and the optimum degree of blood suppression must
be optimized, with an ideal sequence achieving the
best CNR with the shortest scanning time possible [82].

CSF suppression is most commonly achieved with
techniques that suppress signal based on CSF flow
[88,89]. However, these standard techniques are subop-
timal in areas of low CSF flow and volume, such as the
skull base, and optimal CSF suppression remains an
active area of research and development. A new sup-
pression technique using an anti–driven equilibrium
pulse that depends on the innate T1 and T2 relaxation
properties of CSF rather than flow is promising to
improve CSF suppression with 3-T MRI [90,91]. Inver-
sion recovery pulse sequences can provide excellent
CSF suppression, but their application is time
consuming, and they can have a detrimental effect on
SNR, which has traditionally limited these protocols
to 7-T MRI machines [42]. However, using parallel im-
aging and the phase undersampling GRAPPA (GeneRal-
ized Autocalibrating Partial Parallel Acquisition)
technique, an inversion recovery 3D-SPACE (Sampling
Perfection with Application optimized Contrasts using
different flip angle Evolution) (IR-SPACE) sequence
has been developed that allows for complete brain
coverage with excellent CSF suppression and vessel
wall–CSF contrast in a reasonable scan time on a 3-T
magnet [90], and remains an active area of future
research.

Spatial Resolution
A consensus has not yet been reached regarding the
optimal spatial resolution for plaque detection and
for the accurate assessment of vessel wall disease. How-
ever, it is generally accepted that characterization of ob-
jects on MRI requires at least 2 voxels within the object
of interest to minimize the effects of partial volume
averaging [92]. In addition, in blood vessels, a mini-
mum of 2 voxels is required within the vessel lumen
to isolate a focal vessel wall lesion from the opposing
wall [93]. A histopathologic study has shown the inter-
nal carotid artery (ICA) diameter to range between 3.0
and 4.8 mm, and the MCA diameter to range between
2.3 and 3.5 mm. The same study showed a wall thick-
ness between 0.3 and 0.7 mm for the ICA and between
0.3 and 0.5 mm for the MCA [94]. An alternative histo-
logic study has reported MCA wall thicknesses to range
between 0.5 and 0.7 mm [95]. In an ex vivo vessel wall
imaging study using an ultrahigh-resolution VWI proto-
col with 0.11-mm and 0.13-mm isotropic voxels on 7-T
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MRI to detect vessel wall thickness, the mean vessel wall
thickness in the circle of Willis was 0.45 mm (0.31–
0.52 mm), showing excellent agreement with histologic
assessments. Thus, to obtain 2 voxels within the wall of
the MCA would require MRI with isotropic voxels as
small as 0.15 mm for accurate VWI assessment [82].
Executing VWI protocols with such an ultrahigh resolu-
tion requires the use of 7-T MRI and significantly pro-
longed acquisition times, which at this time have
been limited to research purposes. In clinical
practice, most experts agree that a VWI protocol with
isotropic 0.4-mm to 0.7-mm voxels is adequate for
diagnosis [96].
Two-Dimensional Versus Three-Dimensional
Protocols
Because of the complex anatomy and tortuosity of
intracranial vessels, most experts prefer 3D acquisition
sequences to 2D protocols. 3D sequences offer the
advantage of imaging the entire intracranial vascula-
ture within a reasonable scan time, better through-
plane resolution, and isotropic voxel acquisition that
allows multiplanar reformatting [52,57,82,83,96,97].
However, higher in-plane spatial resolution can be
achieved using 2D imaging, and, although 2D imag-
ing lacks through-plane resolution, this can be miti-
gated by acquiring 2D sequences in multiple
orthogonal planes [98]. In order to acquire multiple
orthogonal 2D sequences within a reasonable scan
time, it is necessary to limit the field of view and to
determine the correct oblique positioning to target a
specific lesion. This process requires increased time
and expertise during image acquisition and is subopti-
mal for initial screening studies. Nonetheless, 2D im-
aging may have a role for interrogating specific vessel
wall lesions, or for follow-up of patients with known
vessel wall disease.
Field Strength
Field strength is another important factor in VWI. Most
centers use 3-T MRI because it offers adequate spatial
resolution, CNR, and SNR in reasonable scan times.
Expert guidelines indicate that 1.5-T MRI provides sub-
optimal SNR and CNR to achieve diagnostically
adequate VWI [82,96]. 7-T MRI has recently been used
in VWI and offers superior image quality because of bet-
ter SNR, CNR, and CSF suppression techniques
[42,99,100]. However, because of its rare availability
in the clinical setting, 7-T VWI is currently used only
for research purposes and 3-T MRI remains the standard
field strength.
Image Weighting
Extracranial carotid VWI protocols are well established,
and the use of 3D time-of-flight (TOF) MRA combined
with multicontrast black-blood pulse sequences (T1,
T2, PD, and T1 postcontrast) and fat suppression is rec-
ommended for delineation of various plaque character-
istics [73]. Mimicking the extracranial protocols,
intracranial VWI typically uses similar multicontrast se-
quences to provide an adequate characterization of the
underlying vascular disorder [101]. However, the acqui-
sition of multiple sequences of various T1 and T2
weightings requires longer scan times, which not only
increases the cost of the imaging study to the radiology
department but also increases patient discomfort and
resultant motion artifacts [102]. In carotid VWI, a single
5-minute Multi-contrast Atherosclerosis Characteriza-
tion (MATCH) scan protocol has been described in
which interleaved T1-weighted, gray blood, and T2-
weighted images are acquired in a single repetition
time to limit scan times [103]. The possibility of imple-
menting similar scan techniques in the intracranial cir-
culation has yet to be studied. At present, in order to
minimize scan times, most centers use streamlined
VWI protocols with 3D TOF MRA and a T1-weighted
black-blood sequence pre- and post-contrast, which
was shown to be the single most effective sequence in
distinguishing various intraplaque components [104].
Unlike extracranial VWI, the use of fat suppression is
not essential in intracranial VWI [96].
Contrast Injection
The use of gadolinium-based contrast agents in MR VWI
is critical, but the optimal scanning time after contrast
injection has not yet been determined. Very early acqui-
sitions after contrast injection can be limited by weak
plaque enhancement, whereas delayed acquisitions
may result in indiscriminate enhancement of all unsta-
ble and stable atherosclerotic plaques. Although prelim-
inary results have suggested a peak CNR at 20 minutes
[105], most centers use a VWI protocol in which post-
contrast sequences are initiated 5 to 10 minutes after
contrast administration [43,83,84,97].
Pulse Gating
Several research studies have used pulse sequence
cardiac gating in VWI to optimize blood suppression
by gating the acquisition to the time of maximal
flow within the vessel, but such protocols have not yet
been integrated into routine clinical practice [96,106].

Among the MR VWI sequences that have been
developed by various vendors, 3D variable refocusing



TABLE 3
3-T magnetic resonance vessel wall imaging protocol

Imaging Parameter 3D TOF MRA
3D T1 TSE (SPACE)
Pre- and Post-contrast

3D T2 TSE
(SPACE)

FOV (mm3) or (cm) 200 165 230

Matrix 296 � 384 320 � 320 320 � 320

Slice thickness (mm) 0.5 0.6 0.7

In-plane resolution (mm) 0.26 � 0.26 0.5 � 0.5 0.7 � 0.7

Acquisition orientation Axial oblique Axial Sagittal

Acquisition spatial resolution (mm3) 0.5 � 0.5 � 1 0.5 � 0.5 � 0.8 0.7 � 0.7 � 0.7

Reconstruction spatial resolution (mm3) 0.26 � 0.26 � 0.5 0.5 � 0.5 � 0.6 0.7 � 0.7 � 0.7

TR/TE (ms) 22/3.4 800/23 3200/371

Flip angle (�) 17 (15–19) Variable Variable

Echo spacing (ms) — 167 3.8

TSE factor — 30 282

Bandwidth 186 372 679

Number of averages 1 1.6 1

Acquisition time 7 min 57 s 7 min 24 s 7 min 17 s

Abbreviations: FOV, field of view; TE, echo time; TR, repetition time.
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flip angle sequences are the most extensively used
because of their superior image quality and brain
coverage with reasonable scan times (CUBE, GE
Healthcare, Milwaukee, WI; SPACE [Sampling Perfec-
tion with Application optimized Contrasts using
different flip angle Evolution], Siemens Healthcare,
Erlangen, Germany; VISTA [Volume ISotropic Turbo
spin echo Acquisition], Philips Healthcare, Best, the
Netherlands) [106]. At our institution, we use noncon-
trast T2-SPACE, and precontrast and postcontrast T1
SPACE sequences, with imaging parameters detailed
in Table 3.
MAGNETIC RESONANCE VESSEL WALL
IMAGING: NORMAL INTRACRANIAL
VASCULATURE
Normal vessel walls are visualized as thin structures iso-
intense to surrounding white matter with black blood
centrally within the vessel lumen. With aging and brain
atrophy, increasing CSF surrounds the vessel wall
improving visualization because of a higher CNR with
CSF suppression techniques. Identifying vessel wall dis-
order depends on the presence of 1 or more of the
following abnormalities:
1. Focal (eccentric) or diffuse (concentric) vessel wall
thickening [54]

2. Signal hyperintensity on pre-contrast images [107]
3. Focal (eccentric) or diffuse (concentric) contrast

enhancement [97]
Some intracranial arteries show normal periarterial

enhancement, which must not be confused for pathol-
ogy. In a study of a pediatric population, normal periar-
terial enhancement was noted in the petrous and
cavernous segments of the ICA and the M1 segment
of the MCA (Fig. 1). Such enhancement is typically
bilateral and may be attributed to the presence of dural
meninges bordering the arteries at these locations or to
periarterial veins [108]. An alternative explanation for
normal arterial enhancement in the petrous ICA and
the vertebral arteries is the presence of vasa vasorum
at the transition point between the extracranial and
intracranial segments of these vessels [56].

In addition to normal periarterial enhancement, MR
artifacts may mimic disorder in a normal vessel wall. In
laminar flow, the slowest moving blood is located
adjacent to the vessel wall. MR VWI techniques that
depend solely on flow for nulling the blood signal
may result in suboptimal suppression at the periphery
of the vessel, creating the artifactual appearance of wall



FIG. 1 High-resolution MR VWI with black-blood MRI (BBMRI) axial (A) precontrast and (B) postcontrast
images showing patent bilateral internal carotid arteries and basilar arteries with normal intraluminal
hypointensity (black blood) and normal bilateral vessel wall enhancement in the horizontal petrous segment of
the internal carotid arteries (arrowheads) on postcontrast images.
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thickening or enhancement [82]. Suboptimal suppres-
sion of slow flow in the intracranial veins that are
immediately adjacent to cerebral arteries can also
mimic focal lesions.
MAGNETIC RESONANCE VESSEL WALL
IMAGING: INTRACRANIAL
ATHEROSCLEROTIC DISEASE
As previously described, atherosclerotic plaques have a
complex composition with variable degrees of lipid
necrotic core, fibrous tissue, intraplaque hemorrhage,
and inflammatory cells. Plaque activity and stability
are determined by the variations in the amounts of
these components within the plaque. The use of MR
VWI for characterizing vulnerable cervical carotid artery
plaques has been well established by research that vali-
dated the in vivo MRI studies with histologic analysis of
ex vivo carotid artery specimens obtained during carotid
endarterectomy [109]. Although no intervention
similar to cervical carotid endarterectomy currently ex-
ists for the intracranial circulation, several studies with
histologic validation have shown the accuracy and reli-
ability of in vivo VWI in detecting intracranial athero-
sclerosis [110–114].

In an early study of symptomatic MCA stenosis using
1.5-T high-resolution MRI (HR-MRI), T1 and T2 black-
blood axial images detected intracranial plaques as
eccentric (crescentlike) wall thickness with intense post-
contrast enhancement at the site of maximum stenosis.
In comparison, non-stenotic MCA segments showed
neither wall thickness nor enhancement [115]. Those
findings were later confirmed in a study by Swartz
and colleagues [54] in which multicontrast HR VWI
was performed on a 3-T MRI with the aim of differenti-
ating intracranial vasculopathies presenting with intra-
cranial stenosis. Swartz and colleagues [54] reported
that more than 90% of patients with ICAD showed
eccentric vessel wall thickening and that 75% of plaques
showed enhancement only in vessels implicated in the
ischemic injury.

Xu et al [116] studied the prevalence of intraplaque
hemorrhage in ICAD and its clinical significance using
HR-MRI. Intraplaque hemorrhage was defined as hyper-
intense signal on noncontrast T1WI and was observed
in 10.1% of patients with MCA stenosis. Furthermore,
lesions with intraplaque hemorrhage were shown to
be highly associated with ipsilateral strokes. This
finding was further supported in another study where
postmortem histopathologic findings identified higher
rates of intraplaque hemorrhage (30% vs 15%) in
culprit versus non-culprit atherosclerotic plaques [74].

Higher lipid content (>40% by area) within intracra-
nial MCA atherosclerotic plaques has been shown to
represent an independent risk factor for MCA territory
infarcts [74]. In an ex vivo multicontrast 3-T HR-MRI
study of intracranial vessels, T2 and T2* pulse se-
quences were able to differentiate lipid core (hypoin-
tense on T2 and T2*) from the fibrous cap
(hyperintense on T2 and T2*) with good interobserver
agreement and correlation with histology [117]. Similar
findings were shown in several in vitro studies assessing
ICAD plaques using ultrahigh-resolution 7-T MR VWI
protocols with histopathologic validation. These
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studies showed that fibrous caps show a T2 hyperin-
tense juxtaluminal band, whereas lipid necrotic cores
show T2 hypointense signal [110,114]. Mossa-Basha
and colleagues [101] studied 29 patients with clinically
defined intracranial vasculopathies (atherosclerosis,
vasculitis, and reversible cerebral vasoconstriction syn-
drome [RCVS]) using multicontrast 3-T HR-MRI and
found that only patients with known atherosclerosis
showed intralesional T2 hyperintensity. The sensitivity
of VWI to differentiate intracranial atherosclerosis from
other vasculopathies was a promising 96.3% with the
combined use of T1WI and T2-weighted imaging [101].

In the coronary and extracranial carotid literature,
intraplaque calcification has been found to be associated
FIG. 2 A 67-year-old patient presents with expressive
precontrast image shows marked segmental narrowing
enhancement (arrowheads) on (B) postcontrast BBMRI im
of restricted diffusion corresponding with a perforator ty
confirms the marked narrowing and irregularity in the low
an inflammatory and unstable ICAD plaque.
with more complex and unstable plaques [118]. A
paucity of data exists for calcification in the intracranial
arteries, but one study showed calcification rates as
high as 28% in the MCAs, with a higher prevalence of
calcification in symptomatic lesions compared with
asymptomatic MCA stenoses (35% vs 23%) [74]. There
are even fewer data regarding the prevalence and appear-
ance of intracranial calcification on MR VWI and its cor-
relation with symptomatic and asymptomatic plaques.

Intraplaque contrast enhancement has been postu-
lated to correlate with the degree of inflammation and
neovascularization within atherosclerotic plaques and
has been linked to a higher probability of ischemic
events (Fig. 2) [119]. Because the pituitary stalk
aphasia and right hemiparesis. (A) BBMRI axial
of the basilar artery with irregular vessel wall
age. (C) MR DWI image shows a left pontine focus

pe infarct (thick arrow). (D) 3D TOF MRA image
er half of the basilar artery (thin arrow), suggestive of
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normally enhances intensely with contrast [120],
many studies have used it as an internal reference to
determine the degree of plaque/lesion enhancement.
In one influential study investigating the relationship
between plaque enhancement and ischemic events,
intracranial plaque enhancement was classified into
3 grades (grade 0, no enhancement; grade1, enhance-
ment less than pituitary infundibulum; and grade 2,
enhancement equal to or greater than the pituitary
infundibulum). Grade 2 enhancement was associated
with culprit plaques, whereas grade 0 was only
observed in non-culprit plaques, suggesting a strong
FIG. 3 A 57-year-old patient with history of right parieta
patent, but markedly narrowed, right ICA terminus with e
A1 and M1 segments. In addition, high-grade vessel wa
high-grade enhancement (arrowheads) on (B) postcontra
with intraplaque hemorrhage. (C) MR DWI image shows
arrow) characteristic of a thromboembolic pattern of infar
finding of a right ICA terminus (thin arrow) occlusion cau
enhancement secondary to a severe ICAD stenosis that
MR VWI.
correlation between the degree of enhancement and
plaque stability [97]. Another study compared plaque
enhancement in acute, subacute, and chronic phases
of ischemic injury, and showed that the presence
and strength of plaque enhancement decreased over
time, showing a correlation between acute ischemic
stroke and plaque enhancement [121]. This finding
suggests that enhancement reflects an ongoing process
of inflammation and neovascularization in acute
symptomatic plaques and may indicate a role for MR
VWI in assessing the treatment response in such
patients.
l infarction. (A) BBMRI axial precontrast image shows
xtension of ICAD-related stenosis into the proximal
ll hyperintensity (arrowheads) corresponding with
st BBMRI images is suggestive of an active plaque
new right parietal foci of restricted diffusion (thick
ction. (D) 3D TOF MRA image shows a false-positive
sed by low-flow artifact and poor intravascular flow
was accurately diagnosed on a high-resolution



TABLE 4
Imaging criteria of vessel wall disorder on luminal angiography and magnetic resonance vessel wall imaging

Luminal
Angiography

Disease
Pattern T1WI T2WI

Contrast
Enhancement Affected Vessels Other Findings

Outer wall
Remodeling Follow-up

Overlapping
Findings

Dissection
[130–136]
(Fig. 4)

Tapered irregular
stenosis often
presents with
focal aneurysmal
dilatation, intimal
flap, and double
lumen could be
seen

Eccentric
(rarely
concentric)

Hyperintense
(if intramural
hematoma)

Variable � (more
commonly
present)

Any artery (most
commonly affected:
distal ICA, vertebral)

Intimal flap,
double lumen,
intramural
hematoma,
aneurysmal
dilatation

Positive
followed by
restoration

Complete
recanalization
rates from
18% (2 mo)
up to 62%
(6 mo)

ICAD

ICAD [50,97,107,
112,116,119,
121,137,138]

Stenotic segments
with irregular
lumen and
ulcerations, or
normal looking
vessels (outward
remodeling)

Eccentric
(rarely
concentric)

Hyperintense
(if intraplaque
hemorrhage)

Juxtaluminal T2
hyperintensity

Depend on
stage
(111 / �)

Widespread Plaque
characterization
depends
on plaque
components
(see Table 2)

Positive and
negative
remodeling

Regression in
58% of
patients, but
normalization
in <35% with
aggressive
medical
therapy

Vasculitis/
dissection

Vasculitis [101,
139–141]

Focal or multifocal
segmental
stenosis of the
affected vessels
with possible
occlusion

Concentric
(rarely
eccentric)

� Isointense 11 (resolves
with
treatment)

Widespread with
long segment
affection of
medium and
small sized
vessels

Usually, diagnosis
of exclusion,
site of
enhancement
can guide
biopsy

— One-third resolve
with treatment
over 6–7 mo

Atherosclerosis/
RCVS

RCVS [101,
139,141]

Alternating areas of
smooth, tapered
narrowing and
dilatation in the
affected artery
(string of beads
on angiogram)

Concentric
(rarely
eccentric)

� isointense � (more
commonly
absent)

Widespread
affection of
medium to
small sized
vessels

Diagnosis of
exclusion

Negative 90%
Spontaneously
resolve in
8–12 wk

Vasculitis



Moyamoya [51,
142–144]

steno-occlusive
disease of the
affected vessels
with multiple
collaterals (“puff
of smoke”)

Concentric � — � Terminal ICA,
proximal MCA

Can be unilateral
but usually
bilateral

Negative Progressive Vasculitis

IA [55,93,
145–148]

Saccular or fusiform
arterial dilatation

— Hyperintense
(in areas of
increased
wall thickness
and intramural
hematoma)

— 1 (at sites of
rupture)

Saccular aneurysms
occur at
bifurcation points
(Acom>supraclinoid
ICA>MCA
>Posterior circulation)

IA thrombus could be
identified

Identify ruptured aneurysm
causing SAH in patients
with multiple
aneurysms
identify blood blister
aneurysms

Positive
remodeling

Stationary or
progressive
increase in
size if left
untreated

—

Post-thrombectomy Normal-looking
vessel (might
show partial
filling defect with
residual thrombus
or irregularities if
underlying ICAD or
dissection)

Concentric
(rarely
eccentric)

— — 1 (concentric
focal
enhancement
at the treated
vessel)

Terminal ICA,
proximal MCA

Enhancement is
associated with the
type of device, number
of thrombectomy
attempts, and could
predict postprocedure
hemorrhagic
transformation

— — Vasculitis

Abbreviations: Acom, Anterior communicating artery; ICAD, Intracranial atherosclerotic disease; IA, intracranial aneurysms; RCVS, reversible cerebral vasoconstriction syn-
drome; SAH, subarachnoid hemorrhage.



FIG. 4 A 53-year-old patient with history of left frontotemporal headaches followed by word-finding
difficulties. (A) BBMRI axial precontrast and (B) postcontrast images show long-segment, eccentric
hyperintensity, and avid contrast enhancement (white arrowheads) along the anterior wall of the left MCA
concerning for an intracranial dissection versus less likely intracranial atherosclerosis. (C) BBMRI postcontrast
image 1 month after angioplasty shows recurrent long-segment spiral stenosis with long spiral (white
arrowheads) with persisting strong enhancement. (D) DSA anteroposterior (AP) image 1 month after
angioplasty confirms a nonhealing intracranial dissection flap (black arrowhead) causing restenosis of the left
MCA M1 segment extending to proximal M2 segments. (E) Native fluoroscopy image shows interval
deployment of 2 intracranial stents (thin arrows) from the left M1 into each of the superior and inferior M2
division segments. (F) Posttreatment DSA AP image confirms stent reconstruction of the vessel wall with
restoration of the normal MCA caliber (thick arrow) and no residual intracranial dissection-related stenosis,
intimal flap, or flow limitation.
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Plaque enhancement also correlated with the pattern
of infarction. An initial study showed that enhancing
plaques are more commonly associated with scattered
arterioembolic infarcts (Fig. 3), whereas nonenhancing
plaques are more commonly associated with small
vessel lacunar infarcts [122]. Wu and colleagues [123]
confirmed these findings and also reported intraplaque
enhancement to be the strongest independent predictor
of artery-to-artery embolic infarction. Furthermore, they
showed that a more peripheral juxtaluminal plaque
enhancement is highly correlated with an artery-to-
artery embolism mechanism compared to a deep in-
plaque pattern of enhancement (66.7% vs 33.3%)
[123]. These findings further support plaque enhance-
ment as a sign of vulnerability and suggest a possible
benefit from plaque-stabilizing treatments such as anti-
inflammatory drugs and statins.
Atherosclerosis is a chronic inflammatory process in
which T lymphocytes and monocytes play a major role
in plaque formation, progression, and destabilization.
Ferumoxytol is a superparamagnetic iron oxide nano-
peptide that generates a hypointense signal on T2*
gradient-recalled echo sequences and a hyperintense
signal on T1WI. It is cleared from the blood by macro-
phages, and it can be used to detect the abundance and
phagocytic activity of macrophages within atheroscle-
rotic plaques [124]. A pilot study evaluated early
(within 24 hours) and late (within 72 hours) uptake
of ferumoxytol in cerebral aneurysm walls and
found higher rupture rates for cerebral aneurysms dis-
playing early ferumoxytol uptake [125]. Similarly,
ferumoxytol-enhanced HR-MRI may be able to detect
vulnerable plaques with active inflammation and to
assess their response to anti-inflamatory medications
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and treatment. This topic represents a fertile area for
future research.
MAGNETIC RESONANCE VESSEL WALL
IMAGING IN DIFFERENTIATING
INTRACRANIAL STENOSES, OCCLUSIONS,
AND VASCULOPATHIES
MR VWI can accurately detect the degree of arterial ste-
nosis and occlusion with high sensitivity and specificity,
and good interobserver and intraobserver agreement
[126–128]. Liu et al [126] showed that high-
resolution VWI was able to detect MCA stenosis greater
than 50%with higher sensitivity than CTA using DSA as
the gold standard. Another group studied the diagnostic
accuracy of black-blood luminal angiography (BBLA),
which is a minimal intensity reconstruction of vessel
wall source images, in detecting the degree and length
of stenosis compared with source images and TOF
MRA and showed that VWI (BBLA and source images)
had higher sensitivity and specificity in detecting severe
stenosis and occlusion compared with TOF MRA. BBLA
also showed greater accuracy in the assessment of the
length of stenosis compared with CTA [127]. Baik et
al [129] characterized the MR VWI imaging findings
of arterial occlusions as being distinct from intracranial
stenoses in patients with acute ischemic stroke, specif-
ically concentric, round, and longer segments of strong
T1-weighted enhancement.

Apart from the ability to characterize ICAD plaques
as detailed earlier, MR VWI can also differentiate athero-
sclerotic plaques from alternative intracranial vasculo-
pathies that may require different targeted treatments.
Table 4 provides a summary of the imaging findings
for different intracranial vascular diseases on luminal
angiography and MR VWI.
MAGNETIC RESONANCE VESSEL WALL
IMAGING LIMITATIONS AND FUTURE
CONSIDERATIONS
Intracranial MR VWI is a novel state-of-the-art imaging
technique, and its clinical utility is steadily increasing.
It promises to aid in the identification and characteriza-
tion of intracranial vasculopathies that cannot be
assessed by traditional imaging techniques, but intracra-
nial VWI also faces significant limitations. For imagingof
the extracranial carotid artery, validation of in vivo VWI
findings can be easily performed against the readily
available histologic specimens obtained from carotid
endarterectomies. However, no similar procedure, and
thus correlation, exists for the intracranial vasculature,
making in vivo validation of intracranial VWI findings
much more challenging. Several studies have attempted
to validate ex vivo findings of HR VWI [110,114], but
these studies suffer from a paucity of data and significant
technical limitations, including the inability to test imag-
ing characteristics such as postgadolinium contrast
enhancement in postmortem studies and the unknown
effect of histologic tissue preparation techniques on the
MR signal of different plaque components.

Another important challenge for intracranial VWI
arises from the small size and pronounced tortuosity of
the small intracranial vessels. This challenging anatomy
requires a high isotropic spatial resolution as well as
excellent blood and CSF suppression for adequate
CNR. These requirements substantially increase scan
times, which strains hospital resources and leads to pa-
tient discomfort and motion artifacts. As previously
described, several technical imaging advancements and
innovative methods have enabled the reduction of
scan timeswithout a detrimental effect on image quality.
These promising imaging protocols include improved
CSF suppression techniques such as DANTE and anti–
driven equilibrium techniques [86,88–91], compressed
sensing k-space sampling, and advanced parallel imag-
ing techniques [57,149,150].
SUMMARY
High-resolutionMRVWI is a promising tool for the diag-
nosis andmanagementof intracranial atherosclerotic dis-
ease 3-TMRVWI is able to evaluate in vivo atherosclerotic
plaques and provide insight for differentiation of vulner-
able from stable plaques based on their signal intensity
and enhancement characteristics. It can provide useful
diagnostic and prognostic information regarding a pa-
tient’s future stroke risk, and it can assist in determining
targeted treatment options for optimal patient care.
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