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Review

Vessel Wall Imaging of the Intracranial and Cervical
Carotid Arteries
Young Jun Choi, Seung Chai Jung, Deok Hee Lee
Department of Radiology and Research Institute of Radiology, University of Ulsan College of Medicine, Asan Medical Center, Seoul, Korea

Vessel wall imaging can depict the morphologies of atherosclerotic plaques, arterial walls,
and surrounding structures in the intracranial and cervical carotid arteries beyond the simple luminal changes that can be observed with traditional luminal evaluation. Differentiating vulnerable from stable plaques and characterizing atherosclerotic plaques are vital parts
of the early diagnosis, prevention, and treatment of stroke and the neurological adverse effects of atherosclerosis. Various techniques for vessel wall imaging have been developed
and introduced to differentiate and analyze atherosclerotic plaques in the cervical carotid
artery. High-resolution magnetic resonance imaging (HR-MRI) is the most important and
popular vessel wall imaging technique for directly evaluating the vascular wall and intracranial artery disease. Intracranial artery atherosclerosis, dissection, moyamoya disease, vasculitis, and reversible cerebral vasoconstriction syndrome can also be diagnosed and differentiated by using HR-MRI. Here, we review the radiologic features of intracranial artery disease and cervical carotid artery atherosclerosis on HR-MRI and various other vessel wall imaging techniques (e.g., ultrasound, computed tomography, magnetic resonance, and positron emission tomography-computed tomography).
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Introduction
Ischemic stroke caused by cerebrovascular disease is a major
cause of mortality and morbidity worldwide, and the noninvasive in vivo assessment of plaques and arterial walls is a fundamental aspect in guiding therapy.1-3 Luminal evaluation is the traditional method for evaluating and understanding vascular pathology. Although this evaluation is still one of the most important methods for assessing intracranial and carotid artery disease,
it is limited in comparison with advanced imaging techniques.
Vessel wall imaging—including magnetic resonance imaging
(MRI), computed tomography (CT), and ultrasound (US) with

color Doppler—can assess the morphology of atherosclerotic
plaques, arterial walls, and surrounding structures in the cervical
carotid artery. For a successful imaging of the vessel wall, an appropriate resolution for depicting the target vessel wall, a transverse imaging plane perpendicular to the long axis of the vessels,4
and sufficient image contrast to characterize or differentiate the
components of the vessel wall are necessary. High-resolution
magnetic resonance imaging (HR-MRI) for vessel wall imaging
usually consists of T1-/T2-weighted imaging, proton-density
imaging, or contrast-enhanced T1-weighted imaging with turbo/fast spin-echo sequences or black-blood techniques.4-6 Double inversion recovery and motion-sensitized driven equilibrium
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are representative black-blood techniques.4 Double inversion recovery is usually used with two-dimensional (2D) spin-echo or
turbo/fast spin-echo sequences because of the single-slice sequential acquisition, which leads to the disadvantages of limited
spatial resolution, a long scan time, and partial volume effects despite the effective suppression of blood signal.7,8 Motion-sensitized driven equilibrium prepulses have recently been used in 3D
HR-MRI by applying gradients along each axis. Radiofrequency
pulses with flip angles of 90° and 180° are used for the preparative pulse before turbo/fast spin-echo sequences, and have the
advantages of a shorter preparation time and larger coverage
than double inversion recovery; however, this can lead to signal
loss during the preparation time, susceptibility to field inhomogeneity, and incomplete suppression of blood or cerebrospinal
fluid signals.4,7,9 Vessel wall imaging can be used to assess various
vascular pathologies other than atherosclerosis. When assessing
intracranial artery disease, HR-MRI is one of the most important
and popular vessel wall imaging techniques for directly evaluating the vascular wall. HR-MRI for intracranial vessel walls has
generally involved the use of a resolution of < 1 mm (0.2-0.9
mm in 1.5-3 T MRI), a 2D or reconstructed 3D transverse imaging plane perpendicular to the arterial course,4 and the blackblood technique in order to suppress the arterial blood or cerebrospinal fluid signals.4,5 Intracranial artery atherosclerosis, dissection, moyamoya disease, vasculitis, and reversible cerebral vasoconstriction syndrome (RCVS) can be diagnosed and differentiated by using HR-MRI. Vessel wall imaging is expected to
enhance the diagnostic performance of evaluations and the understanding of disease pathophysiology.6,10-12
The aim of this article is to (i) comprehensively review the
use of HR-MR vessel wall imaging to assess intracranial artery
disease, including atherosclerosis, dissection, moyamoya disease, vasculitis, and RCVS, and (ii) provide an overview of various vessel wall imaging techniques for the assessment of cervical carotid artery atherosclerosis, with specific emphasis on detection, analysis, and characterization.

HR-MRI for intracranial artery disease
Intracranial atherosclerosis
Ischemic stroke and intracranial artery disease demonstrate
different characteristics depending on the race and region of the
patient population. Intracranial atherosclerosis causes < 10% of
ischemic strokes in white North American patients,13,14 but
causes 50%-60% of strokes in Asian populations.15,16 Hispanic
and black patients demonstrate a relative rate of intracranial atherosclerosis-related strokes that is five times greater than that of
white patients.17 Hence, the most common cause of ischemic
http://dx.doi.org/10.5853/jos.2015.17.3.238

stroke worldwide could be intracranial atherosclerosis.16 Atherosclerosis results from a cascade of endothelial dysfunction processes, infiltration of modified lipids into the intima, and vascular
wall inflammation or remodeling.18 On HR-MRI, atherosclerotic plaques, lipid cores, fibrous components, hemorrhage, and
calcium are the most important components.6 In the cervical carotid arteries, it may be easier to characterize the vascular wall, to
differentiate these components, and to diagnose the vascular pathology than in intracranial arteries, by using HR-MRI, owing to
the larger size of the vessels. Vulnerable plaques can be differentiated from stable plaques according to the proportion or presence
of plaque components.6,19-21 However, HR-MR may be unable to
characterize intracranial plaques in detail because of their small
size and limited resolution (anterior cerebral artery, 2-3 mm;
middle cerebral artery, 3-5 mm; posterior cerebral artery, 2-3
mm).22,23 Although 3-T and 3D HR-MR were recently developed and can depict the isotropic voxel (0.4 × 0.4 × 0.4 mm) in
clinical settings,24 it is not necessarily easy to completely depict
the components of atherosclerotic plaques.
Intraplaque hemorrhage on T1-weighted imaging and plaque
enhancement on contrast-enhanced T1-weighted imaging are
considered the most important factors in characterizing intracranial atherosclerosis. Intraplaque hemorrhage appears as a bright
high-signal intensity on T1-weighted images according to a few
histopathological25 and radiological studies26,27 of intracranial arteries, in addition to extrapolations from the cervical carotid artery.28,29 A bright high-signal intensity is > 1.5 times brighter than
the signal intensity of adjacent muscles,27,29,30 which can suggest
recent or fresh hemorrhage in cervical carotid atherosclerotic
plaques.6,29 However, this may still be insufficient evidence to
show that all instances of intraplaque hemorrhage present as a
bright high-signal intensity on T1-weighted images, or that the
bright high-signal intensity of the intraplaque hemorrhage can
be applied to various T1-weighted sequences. On cervical carotid artery imaging, there are also differences in signal intensities
on the T1-weighted sequences.31 Therefore, the detection and
differentiation of intraplaque hemorrhage should be carefully
performed by using various signal intensities. T2-weighted imaging or susceptibility on weighted imaging is also helpful.32,33 Intraplaque hemorrhage is also associated with infarction in 30.4%
of patients; however, intraplaque hemorrhage is not associated
with infarction in 15.4% of patients according to a postmortem
study.34 Intraplaque hemorrhage, which is defined as a bright
high-signal intensity on HR-MR, is significantly associated with
ipsilateral stroke.27
Although the lipid core, fibrous component, and calcification
in intracranial plaques cannot be sufficiently differentiated on
HR-MRI, the HR-MR characteristics of these components seem
http://j-stroke.org
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to be consistent with those of cervical carotid artery plaques.35
The lipid core appears as an isointense area on T1-weighted images and as a hypo- to isointense area on T2-weighted images;
the fibrous component appears as an isointense area on T1- and
T2-weighted images; and calcification appears as an area of dark
signal intensity on T1- and T2-weighted images.35
Plaque enhancement is the most common and reliable finding, which depends on T1-weighted imaging with gadoliniumbased contrast enhancement. However, normal periarterial enhancement in the meninges or periarterial veins can disrupt the
detection of true vascular wall enhancement.36 Therefore, 3D
HR-MRI may be more useful for differentiating pseudo-vessel
wall components or for pseudo-enhancement in the intracranial
arteries because it can show multiple imaging planes, including
the perpendicular to arterial longitudinal axis. Plaque enhancement is also associated with recent ischemic stroke. Strong enhancement tends to indicate a short time interval from the onset of ischemic stroke to severe inflammatory activity.24,37,38
Symptomatic plaques (63%) demonstrate a higher proportion
of contrast enhancement than asymptomatic plaques (23%).38
The degree of contrast enhancement decreases in symptomatic
plaques over time (acute, 4 weeks; subacute, 4-12 weeks; chronic, > 12 weeks).37 In ischemic stroke, the degree of enhancement
may identify culprit plaques.24 Plaque enhancement on HRMRI has been explained as neovascularization or increased endothelial permeability.39,40 Vessel wall enhancement may also occur in generalized inflammatory diseases, as well as in atherosclerotic plaques.4 Therefore, arterial wall enhancement in equivocally suspected intracranial atherosclerosis cannot be conclusively excluded as another inflammatory vascular pathology.
Atherosclerotic plaque in the middle cerebral artery seems to
be located predominantly in the opposite side as the orifices of

A

Role of Vessel Wall Imaging and Radiological Features

perforators such as the coronary artery. In a stenotic middle cerebral artery, regardless of the symptoms, the plaque is distributed in the ventral and inferior wall more than in the superior
and dorsal wall. However, symptomatic middle cerebral artery
stenosis shows more superior wall plaque, which may be associated with perforators arising from the superior and dorsal wall
of the middle cerebral artery.41
The shape of any thickened vessel wall (or plaque) can play an
important role in differential diagnosis. Atherosclerotic plaques
tend to appear as asymmetrically thickened walls—so-called eccentricity—relative to other vascular pathologies.42 Quantitative
measurement and analysis of the plaque shape is increasingly
more convenient and reliable owing to the development of HRMR. The eccentricity index is calculated by using the following
formula: (maximal thickness-minimal thickness)/maximal
thickness. If the index is ≥ 0.5, the area is defined as an eccentric
plaque.43 Positive and negative remodeling are also important
characteristics that are extrapolated from coronary atherosclerosis.44 Positive remodeling may also be associated with symptomatic plaques.45,46 The remodeling index is calculated by using the
following formula: maximum outer wall area/([proximal normal arterial area + distal normal arterial area]/2). If the index is
≥ 1.0, the area is defined as positive remodeling; otherwise, the
area is defined as negative remodeling47,48 (Figures 1 and 2). Intraplaque hemorrhage and strong contrast enhancement can be
associated with vulnerable plaques in intracranial atherosclerosis,
and the distribution, eccentricity, and remodeling characteristics
may help depict atherosclerosis (Table 1).

Intracranial artery dissection
Intracranial artery dissection is an important cause of ischemic
stroke in young adults (i.e., age 20-50 years).12 Ischemic symp-

B

C

Figure 1. Intracranial atherosclerosis. A 49-year-old female patient presented with left-side weakness and four atherosclerotic risk factors. (A) Time-of-flight magnetic resonance angiograph showing severe stenosis in the right middle cerebral artery (arrow). (B) Proton-density image showing eccentric wall thickening and atherosclerotic plaques with a remodeling index of 1.47. (C) Contrast-enhanced T1-weighted image showing strong enhancement in eccentric atherosclerotic plaques.
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toms are present in 52% of patients with intracranial artery dissection, followed by subarachnoid hemorrhage in 28% of patients.49 Intracranial artery dissection is estimated to be responsible for approximately 3%-5% of subarachnoid hemorrhage cases.12 Intracranial artery dissection tends to be more common in
Asian populations.50 In European populations, intracranial artery
dissection is believed to comprise < 10% of all spontaneous cervicocephalic artery dissections in adults,51 but this percentage is
> 90% in Asian populations.49 This difference may also be associated with the higher incidence of intracranial atherosclerosis
that is observed in Asian populations.
The conventional radiological findings of arterial dissection
include intimal flap, double lumen, intramural hematoma, aneu-

rysmal dilatation, tapered stenosis, and occlusion. The diagnostic criteria for intracranial artery dissection have been well organized by SASSY Japan (Strategies Against Stroke Study for
Young Adults in Japan), which defines definite dissection and
suspected dissection on luminal angiography. Definite cases include intimal flap and double lumen, and a clear geometric
change on follow-up. Suspected cases include the string-of-pearls
sign and tapered occlusion on luminal angiography, and intramural hematoma on conventional T1-weighted imaging.52 However, these criteria may not apply to HR-MR12 because those
were established mainly by using luminal angiography, including
digital subtraction angiography.49 The HR-MR findings of intracranial artery dissection are predominantly observed in the ver-

Table 1. Predominant HR-MRI characteristics of intracranial artery disease
Atherosclerosis

Dissection

Moyamoya

Shape

Eccentric

Eccentric or combined

Distribution

Any artery

Signal intensity

Enhancement
Outer diameter

Dependent on components
(lipid, T1W iso/T2 hypo to iso;
fibrous tissue, T1W/T2W iso;
calcification, T1W/T2W dark)
Dependent on stage (+++ → +)
Positive or negative remodeling

Any artery (most common, VA) Terminal ICA,
proximal MCA, ACA
Various (intramural
hematoma, T1W hyper)

Others

Intraplaque hemorrhage

Follow-up
(resolution)

< 30%

Concentric

+/Dependent on stage
(Positive remodeling
→ restoration)
Intimal flap,
double lumen, intramural
hematoma, or aneurysmal
dilatation
37.4%-75%

Vasculitis
Concentric (sometimes
eccentric)
Medium- to small-sized
vessels

RCVS
Concentric
Medium- to small-sized
vessels

++/+
Negative remodeling

Dependent on stage (+++ → -) Dependent on stage (+ → - )

Basal collaterals

Exclusive diagnosis

Progressive

Resolution with medication Spontaneous reversibility

Exclusive diagnosis

HR-MRI, high-resolution magnetic resonance imaging; RCVS, reversible cerebral vasoconstriction syndrome; VA, vertebral artery; ICA, internal carotid artery; MCA, middle cerebral artery; ACA, anterior cerebral artery.
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Figure 2. Intracranial atherosclerosis. A 58-year-old male patient presented with dizziness and three atherosclerotic risk factors. (A) Time-of-flight magnetic resonance angiograph showing severe stenosis in the left middle cerebral artery (arrow). (B) Proton-density image showing eccentric wall thickening and atherosclerotic
plaques with a remodeling index of 1.04. (C) Contrast-enhanced T1-weighted image showing strong enhancement in eccentric atherosclerotic plaques.
http://dx.doi.org/10.5853/jos.2015.17.3.238
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tebral artery with the highest incidence (68.7%).49 Wang et al.
reported intramural hematoma in 61% of patients, double lumen
in 50% of patients, and intimal flap in 42% of patients (in total,
76 patients with intracranial vertebral artery dissection were assessed32); however, intimal flap was the most common finding
(91.4%) according to Han et al.53 Recent reports indicate that
intimal flap and double lumen are the most common findings
seen on HR-MR in patients with middle cerebral artery dissection.54,55 Vessel wall enhancement is sometimes associated with
intracranial artery dissection. Although vessel wall enhancement
is not completely understood, it has been considered to result
from inflammation,56 slow blood flow in the false lumen, or enhancement of the vasa vasorum.57 A positron emission tomography (PET) study reported that vessel wall enhancement may indicate generalized transient inflammatory arteriopathy; in this
study, the enhancement was resolved with vessel wall alteration
in a matter of weeks.56 In intracranial artery dissection, vessel
wall enhancement may not be an uncommon finding.57 Intramural hematoma is one of the most common findings on HRMRI. If HR-MRI indicates intramural hematoma without intimal flap or double lumen, intracranial artery dissection should
first be included as part of the differential diagnosis. However,
the interpreter may have to consider the possibility of intraplaque hemorrhage in equivocal cases that also demonstrate the
clinical features of atherosclerosis. In particular, the middle cerebral artery is one of the most common sites of intracranial atherosclerosis and may clinically present more often in equivocal
cases. In addition, several pathological studies reported intramural hematoma with no connection between true and false lumen
in intracranial vertebral-artery dissection, and which may have
resulted from the rupture of the vasa vasorum or new vessels.58
Therefore, the differentiation between intramural hematoma
and intraplaque hemorrhage may sometimes be challenging and
may depend on clinical information such as patient age, atherosclerotic risk factors, symptoms, and radiologic findings such as a
clear geometric change seen on follow-up. Intramural hematoma
can demonstrate various signal intensities, such as intraplaque
hemorrhage. Although a bright high-signal intensity (73.9%) on
T1-weighted imaging is the most common finding associated
with intramural hematoma, isointensity (8.7%) and hypointensity (13%) can also be observed. On T2-weighted imaging, intramural hematoma can demonstrate hyperintensity (58.7%),
isointensity (13%), or hypointensity (28.3%)32 (Figure 3). Susceptibility-weighted imaging provides higher sensitivity for the
detection of hemorrhage, a higher resolution than conventional
T2-weighted gradient-echo imaging, and differentiation of hemorrhage from calcification with phase maps.33 Recent studies
suggested the usefulness of susceptibility-weighted imaging for
242
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Figure 3. Intracranial artery dissection. A 37-year-old female patient presented
with dizziness. (A) Time-of-flight magnetic resonance angiograph showing severe stenosis in the right vertebral artery (arrow). (B) Intramural hematoma and
aneurysmal dilatation on proton-density imaging. (C) Intramural hematoma
presenting as hyperintensity and hypointensity on T2-weighted imaging, and
(D) intramural hematoma presenting as hyperintensity and isointensity on T1weighted imaging. (E) Artery distal to the dissected segment showing periarterial enhancement on contrast-enhanced T1-weighted imaging.

the detection of intramural hematoma and the diagnosis of intracranial artery dissection.54,59
Arterial dissection may be a dynamic vascular pathology,
which explains why the diagnostic criteria include subsequent
geometric change.52 Intracranial artery dissection can be restored
and result in complete normalization spontaneously.60 Mizutani
reported that 83.9% of unruptured intracranial artery dissections
subsequently demonstrate geometric changes between 2 weeks
and 2 months, and, among these, 61.5% demonstrate improvement in the dissecting lumen and 18.3% demonstrate complete
normalization on serial follow-up angiography.60 Of unruptured
intracranial vertebral artery dissections, 37.4%-75% demonstrate
improvement.61,62 The resolution rate for intracranial artery dissection seems to be higher than that of intracranial atherosclerosis when intensive medication is administered ( < 30%).63,64 On
HR-MRI, the cervical artery demonstrates intramural hematomas with hyperintensity at 2 weeks, and then the signal intensity
decreases.65 However, the natural course of these serial changes
in intracranial artery dissection has been poorly studied. Therefore, HR-MR findings can change over time, and serial changes
may have to be estimated to make a diagnosis and predict the
prognosis (Figure 4).
With HR-MRI, intimal flap and double lumen can be definihttp://dx.doi.org/10.5853/jos.2015.17.3.238
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Figure 4. Intracranial artery dissection. A 50-year-old male patient with one
atherosclerotic risk factor (smoking) presented with right-side weakness. (A)
Time-of-flight magnetic resonance angiograph showing severe stenosis in the
left middle cerebral artery (arrow). (C) Intramural hematoma showing hyperintensity on T1-weighted imaging (small arrows), and (E) the intimal flap seen on
contrast-enhanced T1-weighted imaging (small arrows). (G) Segmental aneurysmal dilatation seen on proton-density imaging. (B) One year later, the dissecting lumen improved (arrow), and (D, F, H) the aforementioned findings disappeared. The patient was considered to have had a middle cerebral artery
dissection; however, intraplaque hemorrhage underlying atherosclerosis could
not be excluded completely.

tively diagnosed in intracranial artery dissections, and intramural
hematoma and aneurysmal dilatation can be helpful criteria.
However, these findings can also change on follow-up examinations (Table 1).

Moyamoya disease
Moyamoya disease is a cerebrovascular disease that is characterized by abnormal vascular networks, and spontaneous and
progressive stenosis or occlusion at the terminus of the internal
carotid artery. These abnormal vascular networks develop at
the base of the brain and consist of collateral channels that compensate for ischemic changes in brain tissue.66 Moyamoya disease is characterized by bilateral pathognomonic findings on
angiography, whereas unilateral findings indicate moyamoya
syndrome that will eventually progress into bilateral disease in
up to 40% of patients.67 Stenosis or occlusion occurs in the terminus of the internal carotid artery, and in the proximal anterior
cerebral artery or middle cerebral artery. Intimal hyperplasia
and medial thinning are well-known pathological characteristics. Intimal hyperplasia caused by the proliferation of smooth
http://dx.doi.org/10.5853/jos.2015.17.3.238

muscle cells and luminal thrombosis result in stenosis or occlusion. The media is thinned by the degradation and death of
smooth muscle cells. Caspase-dependent apoptosis and overproduction of matrix metalloproteinase are considered contributory mechanisms.68,69 Moyamoya disease demonstrates a natural course from stenosis in the terminal internal carotid artery
with collateral networks to obliteration and the concomitant
disappearance of collaterals,66 thereby resulting in internal carotid to external carotid conversion.69
Distinguishing between moyamoya disease and atherosclerosis is sometimes difficult in East Asian populations, especially in
patients with equivocal clinical and radiological findings (e.g.,
young patients with the typical angiographic pattern of moyamoya disease and atherosclerotic risk factors).70 Moyamoya
disease is primarily diagnosed on luminal angiography, such as
digital subtraction angiography, according to pathognomonic
findings. However, equivocal angiographic findings are sometimes seen in clinical settings. In equivocal cases, HR-MRI may
help provide a more precise diagnosis and differentiation. A decrease in the outer diameter and concentric and weaker enhancement in the bilateral terminus of the internal cerebral artery, proximal anterior cerebral artery, or middle cerebral artery
are characteristics of moyamoya disease that can be used to distinguish it from intracranial atherosclerosis.11,71 Arterial wall
degradation in association with media thinness may also contribute to decreasing the outer diameter in arterial segments. Intimal hyperplasia may indicate diffuse concentric enhancement.11,71 The minimum outer diameter demonstrates a significant difference between conditions (1.61-2.01 mm for moyamoya disease vs. 3.03-3.31 mm for atherosclerosis70,71), and the
remodeling index and wall area are significantly lower in moyamoya disease (mean remodeling index: 0.19 vs. 1.00; mean
wall area: 0.32-0.39 vs. 1.64-6.00 mm2 11,70). Concentric enhancement is higher in moyamoya disease,11,71 but the degree of
enhancement is lower71 (Figures 5 and 6). Bilateral involvement
is more common in moyamoya disease.11 Although moyamoya
disease is a representative vascular pathology presenting with
decreasing outer diameter of vessels, interpreters may consider
other conditions such as congenital agenesis, chronic state of
localized arteritis, or dissection.72,73 Nonenhanced T1-weighted
and T2-weighted imaging also demonstrate a more homogeneous signal intensity. Depending on the progression of moyamoya disease, the outer diameter also significantly decreases.
The radiological findings change over time, and typical moyamoya vessels are only seen during the intermediate stages,
which may make it difficult to precisely diagnose this disorder70
(Table 1).

http://j-stroke.org

243

Choi, et al.

Role of Vessel Wall Imaging and Radiological Features

B

B

C

C

D
A

D

Figure 5. Moyamoya disease. A 50-year-old female patient presented with
dizziness. (A) Digital subtraction angiography image showing severe stenosis
in the right terminal internal carotid artery and middle cerebral artery with basal collaterals. (B, C) The outer diameters of both terminal internal carotid arteries (arrows) and (D) right middle cerebral artery (arrows) decreased (remodeling
index, 0.18) on proton-density imaging.

Vasculitis
Central nervous system (CNS) vasculitis encompasses a
broad spectrum of cerebrovascular diseases that demonstrate
various inflammatory and destructive characteristics. Its incidence is very rare, and the average annual rate is 2.4 cases per 1
million person-years.74 Primary CNS vasculitis refers to primary
angiitis in the CNS, and secondary CNS vasculitis develops as a
result of systemic inflammatory or infectious conditions.75 Primary angiitis in the CNS was diagnosed in the exclusive work by
Calabrese and Mallek who proposed the following criteria: (i)
an acquired or otherwise unexplainable neurological or psychiatric deficit, (ii) classic features of angiitis on angiographic or histopathological study, and (iii) no evidence of secondary vasculitis.76 The major differential diagnoses are intracranial atherosclerosis or RCVS. Intracranial atherosclerosis can be excluded according to atherosclerotic risk factors, normal cerebrospinal fluid
findings,75 and classic angiographic and HR-MR findings. RCVS
can also be differentiated by using the clinical and HR-MR findings, as mentioned below. The HR-MR characteristics of intracranial atherosclerosis may include eccentric and irregular atherosclerotic plaques that predominantly develop in the more
proximal intracranial arteries (e.g., distal internal carotid artery
and proximal cerebral arteries), whereas smooth wall thickening
is usually noted in medium- to small-sized arteries during vasculitis. The medium-sized arteries mean distal to the bifurcation of
the middle cerebral artery and the anterior and posterior communicating arteries. Small-sized arteries are beyond the resolu244
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Figure 6. Moyamoya disease. A 44-year-old male patient presented with abulia. (A) Digital subtraction angiography image showing severe stenosis of the
left terminal internal carotid artery and middle cerebral artery with basal collaterals. (B, C) The outer diameters of both middle cerebral arteries (arrows) decreased on proton-density imaging. (D) Left middle cerebral artery (arrow) showing a remodeling index of 0.31 on proton-density imaging with (E) concentric
and mild enhancement (arrows) on contrast-enhanced T1-weighted imaging.

tion of digital subtraction angiography.77,78 Vasculitis can also
show smooth concentric or eccentric wall thickening and enhancement.77 The degree of enhancement indicates the activity
of vasculitis. Therefore, favorable treatment responses can decrease the degree of enhancement.79,80 Arterial involvement is
more common in single lesions that develop in multiple arteries
than multiple lesions that develop in a single artery.78 In the case
of multiple ischemic strokes with different ages in different vascular territories, vasculitis can be suspected75 (Table 1).

RCVS
RCVS is also called benign cerebral vasculitis because it demonstrates clinical characteristics and radiological findings similar
to those of vasculitis; however, RCVS also demonstrates a benign prognosis with complete normalization.81,82 The suggested
diagnostic criteria for RCVS include the following: (i) headache
with sudden thunderclap, and severe recurrent features with or
without additional neurologic signs or symptoms; (ii) normal or
near-normal cerebrospinal fluid; (iii) no evidence of aneurysmal
subarachnoid hemorrhage; (iv) alternating constriction, normal
vascular caliber, or dilatation on angiography; and (v) the spontaneous complete or near-complete reversal of vasoconstriction
within 3 months.83,84 The most specific criterion is reversibility.83
HR-MRI can differentiate RCVS from CNS vasculitis according
http://dx.doi.org/10.5853/jos.2015.17.3.238
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to the following features: less, diffuse, uniform, and continuous
wall thickening and enhancement; a shorter interval to restore
(3 months vs. 7-17 months); and a higher rate of resolution
(88.9% vs. 33.3%), in comparison with vasculitis.77,84 Although
the pathophysiology remains unclear, alterations in cerebral vascular tone are associated with various exogenous and endogenous
factors that are believed to cause RCVS.83 The shortening and
overlapping of smooth muscle cells result in increased wall thickness and luminal stenosis according to an experimental vasospasm study, which may explain the wall thickening observed on
HR-MR.85 The absence of arterial inflammation in RCVS may
be consistent with weak enhancement on HR-MR81,82 (Table 1).

Vessel wall imaging of cervical carotid
artery atherosclerosis
About 15%-30% of all ischemic strokes were associated with
cervical carotid atherosclerosis.86,87 Significant cervical carotid
artery stenosis ( > 50% on carotid US) has a prevalence of 7%10%; it is predominantly caused by atherosclerosis,88 and its
prevalence increases in populations with high atherosclerotic
risk factors, cardiac disease, or acute stroke.89 The degree of carotid artery stenosis is considered the parameter of choice for
determining the best therapeutic approach. The correlation between the severity of carotid stenosis and the risk of cardiovascular events has been widely reported.90,91 The most widely used
methods for measuring the degree of stenosis include the North
American Symptomatic Carotid Endarterectomy Trial (NASCET) and the European Carotid Surgery Trial (ECST), both
of which evaluate the degree of stenosis as the percentage reduction in the linear diameter of the carotid artery. The NASCET
method calculates the ratio between the luminal diameter at the
stenotic area and the luminal diameter of the distal, healthy carotid artery. The ECST method calculates the ratio between the
luminal diameter at the stenotic area and the total carotid artery
diameter (including the plaque). However, there is a difference
between methods (e.g., 70% on NASCET usually corresponds
to 83% on ECST), and this difference cannot be overcome, even
if the NASCET and ECST measurements are converted to each
other.92 Previous studies report that the methods of percentage
stenosis measurement are also susceptible to interobserver variability and errors, mostly owing to the incorrect identification of
the arterial reference points.10,92 Several recent studies show that
moderate carotid artery stenosis may lead to cardiovascular
events, and subsequent histopathologic studies demonstrate that
plaque erosion and disruption are common morphologic features in symptomatic lesions, thereby indicating that luminal
narrowing is not the sole predictor of stroke.93-95 Because lowhttp://dx.doi.org/10.5853/jos.2015.17.3.238

grade carotid artery stenosis ( < 30%) can produce cerebrovascular events, several factors are considered important biomarkers
for predicting future stroke,96 including carotid plaque composition, the presence and state of the fibrous cap, plaque hemorrhage, plaque ulceration, and plaque location.97 Therefore, the
concept of “vulnerable plaques” was introduced to the surgical,
histopathological, and imaging communities, which refers to
atheromas that contain a thin fibrous cap with a large, lipid-rich,
necrotic core, intraplaque hemorrhage, and the presence of active intraplaque inflammation, thereby making it more prone to
rupture, embolization, and thrombosis.10
In subsequent sections, we will detail the roles of various vessel wall imaging techniques for assessing cervical carotid artery
pathology, with a specific emphasis on plaque morphology and
characteristics.

Vessel wall imaging techniques
US
US with color Doppler is globally accepted as the first-line imaging modality for diagnosing atherosclerotic cervical carotid artery disease, the degree of stenosis with blood-flow velocity profiles, the shape and type of plaque, and the intima-media thickness (IMT). This noninvasive, high-resolution imaging technique is readily available and inexpensive. High-frequency linear
transducers ( > 7 MHz) are ideal for measuring carotid wall
thickness, as well as for qualitatively and quantitatively analyzing
plaques. Moreover, low-frequency linear transducers (< 7 MHz)
are preferred for Doppler examinations.10 US with color Doppler
is a good screening technique; however, several limitations persist when using this method to quantify the degree of stenosis,
including reproducibility, artifacts due to calcifications, and difficulty in differentiating between subtotal and total occlusion.98,99
It is well known that Doppler velocity increases in proportion to
the degree of stenosis, and therefore flow velocity is commonly
used to evaluate the severity of carotid stenosis. Several studies
report different peak systolic velocities (220-283 cm/s), which
correlate with 70% on the NASCET100-102 (Table 2). In terms of
plaque shape, surface irregularities also demonstrate markers of
plaque vulnerability and are predictive of ischemic stroke (Figure 7).103,104 Echolucent plaques are also associated with higher
concentrations of soft-tissue components, such as fibrofatty and
hemorrhagic contents (i.e., vulnerable plaques). Several studies
report asymptomatic patients with echolucent plaques as being
at high risk for ischemic stroke105,106 (Figure 8). Nevertheless,
there are conflicting studies on echogenicity, and there is no association between ischemic stroke and echolucent plaques.107
This could be explained by the poor reproducibility of the subhttp://j-stroke.org
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Table 2. Gray-scale and Doppler US criteria for diagnosing ICA stenosis
Degree of stenosis (%)
Normal
< 50
50-69
≥ 70 but less than near occlusion
Near occlusion
Total occlusion

Primary parameters

Additional parameters

ICA PSV (cm/s)

Plaque estimate (%)

ICA/CCA PSV ratio

ICA EDV (cm/s)

< 125
< 125
125-230
> 230
High, low, or undetectable
Undetectable

None
< 50
≥ 50
≥ 50
Visible
Visible, no detectable lumen

< 2.0
< 2.0
2.0-4.0
> 4.0
Variable
Not applicable

< 40
< 40
40-100
> 100
Variable
Not applicable

US, ultrasound; ICA, internal carotid artery; PSV, peak systolic velocity; CCA, common carotid artery; EDV, end diastolic velocity.

Figure 7. Ultrasound (US) example of an irregular plaque. The US image shows
a large amount of irregular-appearing heterogeneous plaque with multifocal
calcification (bright areas with shadowing) in the carotid artery.

Figure 8. Ultrasound (US) example of an echolucent plaque. The US image
shows a smooth echolucent plaque (arrows) on the carotid wall.

jective characterization of plaque echogenicity by using B-mode
US; however, this remains an ongoing subject of research.59
US with color Doppler can also assess IMT, and an increase
in the IMT of the common carotid artery could be used to predict cardiovascular events.103,108 The arterial wall may demonstrate two parallel echogenic lines that are separated by a relatively hypoechoic intermediate area on longitudinal B-mode
US, and the distance between these lines is the IMT (Figure 9).
Carotid IMT could also be measured by using an automated
imaging processing software.

CT
With the introduction of multidetector CT and advanced
software for image reconstruction, this method provides improved spatial and temporal resolution and is a reliable tool for
evaluating cervical carotid arterial pathology. With CT angiography, investigators can evaluate not only carotid stenosis but
also the morphology of carotid plaques. A meta-analysis of the
diagnostic accuracy of CT angiography for assessing carotid ar246
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Figure 9. Normal carotid artery showing sites for measuring intima-media
thickness. The arterial wall may demonstrate two parallel echogenic lines that
are separated by a relatively hypoechoic intermediate area on longitudinal ultrasound, and the distance between these lines is the intima-media thickness.

tery stenosis, in comparison with that of CT angiography and
digital subtraction angiography, reports that CT angiography is
http://dx.doi.org/10.5853/jos.2015.17.3.238
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reliably accurate for diagnosing severe stenosis ( > 70%) (85%
sensitivity and 93% specificity). CT angiography is also highly
accurate when diagnosing the degree of carotid occlusion (97%
sensitivity and 99% specificity).109 In terms of plaque morphology, the most relevant surface alteration that may be detected
on CT angiography is ulceration (Figure 10).10 Saba et al. reported that CT angiography has a significantly higher diagnostic accuracy for plaque ulceration than US (93% vs. 37.5%, respectively) (the presence of ulceration in surgery was used as
the gold standard).110 Several studies that used CT angiography

differentiated carotid artery plaques into three categories (fatty,
mixed, and calcified lesions), according to the criteria reported
by Schroeder et al.111: fatty plaques demonstrate an attenuation
of < 50 HU; mixed plaques demonstrate an attenuation of between 50 and 119 HU; and calcified plaques demonstrate an attenuation of > 120 HU (Figure 11). There is also a moderate
correlation between HU measurement and histopathology, and
CT demonstrates good accuracy when detecting calcification.
However, CT angiography demonstrates a lower accuracy when
differentiating other components (e.g., lipid core and hemorrhage) in comparison with MRI.10,110,112 The other drawbacks of
CT angiography include radiation, potential intolerable contrast
agents, and contrast-induced nephropathy.

HR-MRI

Figure 10. Computed tomography angiographic image showing ulcerated
plaque (arrows) with calcification in the carotid artery.

A

Recent developments in receiver coil and pulse sequence design
potentially allow using HR-MRI to assess carotid plaques.6,113,114
MRI provides information about (i) the degree of stenosis, (ii)
total plaque volume, (iii) plaque components, and (iv) plaque
surface morphology, including ulceration and fibrous cap rupture.115-117 This identification allows serial monitoring of carotid
plaque evolution and the identification of the risk factors for accelerated progression.116,118
The combination of multiple MR pulse sequences such as T1and T2-weighted, proton-density, and time-of-flight (TOF) imaging, by containing black- and bright-blood sequences, is needed to characterize plaque morphology and its components.119
The MR signal intensities of the carotid plaque components, including the lipid core, hemorrhage, calcification, and fibrous tissues, are described in Table 3 and Figure 12.

B

C

Figure 11. Different carotid plaques on computed tomography angiography. Arrow indicates (A) calcified, (B) fatty, and (C) mixed plaque.
http://dx.doi.org/10.5853/jos.2015.17.3.238

http://j-stroke.org

247

Choi, et al.

Role of Vessel Wall Imaging and Radiological Features

Table 3. Signal intensity of the carotid plaque components on MRI
Plaque component
Lipid core
Fibrous tissue
Hemorrhage
Fresh (< 1 week)
Recent (1-6 weeks)
Chronic (> 6 weeks)
Calcification

3D TOF image

T1-weighted image

T2-weighted image

Proton density image

Contrast-enhanced T1-weighted image

Iso
Iso

Iso/hyper
Iso/hyper

Hypo
Iso/hyper

Iso/hyper
Iso/hyper

+

Hyper
Hyper
Hypo
Marked hypo

Hyper
Hyper
Hypo
Marked hypo

Iso/hypo
Hyper
Hypo
Marked hypo

Iso/hypo
Hyper
Hypo
Marked hypo

-

MRI, magnetic resonance imaging; 3D TOF, three-dimensional time of flight.
PDI

T2WI

T1WI

TOF

CE-T1WI

Fibrous component
Fibrous component

Lipid core

Calcification

Hemorrhage

Hemorrhage

Calcification

Figure 12. Four main components of atherosclerotic plaques. Axial magnetic
resonance images obtained by using five pulse sequences. The fibrous component is isointense on T1WI, T2WI, and PDI with enhancement. Fresh hemorrhage is hyperintense on T1WI and TOF imaging and hypointense on T2WI
without enhancement. The lipid core is the area that demonstrates a drop in
signal intensity from PDI to T2WI. The calcification demonstrates dark signal
intensity on all sequences.

Figure 13. Vulnerable plaque. Axial diffusion-weighted magnetic resonance
(MR) image of the brain (top right) and MR angiographic image (bottom right)
showing high-grade carotid stenosis with ipsilateral acute infarction. Axial MR
images obtained by using five pulse sequences show that the plaque contains
three components. A large recent hemorrhage is hyperintense on T1- and T2weighted imaging, proton-density imaging, and TOF imaging, and multifocal
calcifications are hypointense in all sequences. PDI, proton density image;
T2WI, T2-weighted image; T1WI, T1-weighted image; TOF, time-of-flight image; CE-T1WI, contrast enhanced T1-weighted image.

According to previous studies, the signal intensities of the lipid
cores vary on T2-weighted imaging.120,121 These variations in signal intensity seem to result from (i) the different entities of the
lipid cores (liquid vs. solid) and (ii) differences in the echo times
used on T2-weighted imaging.122 Two-thirds of the lipids in the
lipid core are in the solid or semiliquid phase, which demonstrate
very poor signals; moreover, it is difficult to directly image the lipidic components.123 Some of the lipids in the plaque tend to
liquify at body temperature, which may demonstrate higher signal intensities on T2-weighted imaging. The lipid cores in the
liquid phase may flow out through a fissure or ruptured site of
the fibrous cap in the carotid lumen, thereby resulting in cerebrovascular embolism. In contrast, organized lipid cores are firmer,
more stable, and resistant to mechanical pressure.122,124 With
multiple MR sequencing, previous studies report higher sensitivities (87%) and specificities (92%) when identifying lipid
cores.119 The lipid core is isointense on proton-density imaging,
and the intensity decreases on T2-weighted imaging (i.e., the signal intensity is lower on T2-weighted imaging than in proton-

density imaging); moreover, it shows lesser enhancement than
do fibrous tissues on contrast-enhanced T1-weighted imaging.115
Intraplaque hemorrhage is the critical step in the progression
and destabilization of atherosclerotic plaques in the carotid artery.125 The signal intensity of intraplaque hemorrhage depends
on its oxidative state and the structure of hemoglobin. Fresh
hemorrhage ( < 1 week) corresponds to intracellular methemoglobin (early subacute cerebral hemorrhage) and is hyperintense
on T1-weighted and TOF images, but isointense or hypointense
on T2-weighted and proton-density images. Recent intraplaque
hemorrhage (1-6 weeks), which corresponds to extracellular
methemoglobin (late subacute stage cerebral hemorrhage), is
hyperintense on all four sequences. Chronic hemorrhage ( > 6
weeks) corresponds to extracellular hemosiderin and is hypointense on all four sequences117,118 (Figure 13).
The fibrous component corresponds to the extracellular matrix, which modifies the water-protein interactions and is isointense or moderately hyperintense relative to the adjacent muscles on T1-weighted, T2-weighted, and proton-density images,
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A

B

C

Figure 14. Positron emission tomography-computed tomography (PET-CT): arrow indicates (A) 18F-FDG PET and (B) PET-CT showing a high uptake in left internal carotid artery, and (C) CT angiography showing severe stenosis of the left internal carotid artery with an atherosclerotic plaque.

but isointense on TOF MRI. On contrast-enhanced T1-weighted images, fibrous tissue demonstrates enhancement but lipidrich necrotic cores do not show enhancement.126 Calcifications
consist of calcium hydroxyapatite. MRI shows calcifications as
markedly hypointense areas on all four sequences.
To identify these components in carotid plaques, the following reading scheme is proposed6,127: (i) define calcified areas
(hypointense on all four sequences); (ii) define recent or fresh
hemorrhage (hyperintense on T1-weighted and TOF MRI);
(iii) define the lipid core (focal decrease in signal intensity from
proton-density to T2-weighted imaging) in areas without calcifications or hemorrhage; and (iv) assign a fibrous component
to the remaining areas. Plaque inflammation is a recognized risk
factor for plaque vulnerability. There is also a correlation between the degree of enhancement after administering gadolinium-based contrast media and plaque inflammation.6 To improve the detection of plaque inflammation, several targeted
MRI agents, including ultra-small superparamagnetic iron oxide particles, have been developed. Howarth et al.128 reported
that the uptake of ultra-small superparamagnetic iron oxide
particles is more frequently observed in the carotid plaques of
symptomatic patients than asymptomatic patients.

PET-CT
Several studies recently assessed the diagnostic potential of using 18F-fluorodeoxyglucose PET (18F-FDG PET) or 18F-FDG
PET/CT to evaluate plaque inflammation, and promising results have been reported. These studies report that 18F-FDG
PET or 18F-FDG PET/CT can accurately detect high-risk carotid plaques129-131 (Figure 14). There are significant correlations
http://dx.doi.org/10.5853/jos.2015.17.3.238

between the histologic findings and degree of inflammation on
18
F-FDG.132,133 However, there are some fundamental limitations
to using PET, including poor spatial limitation, susceptibility to
partial volume effects, lack of quantification, and absence of
standardized imaging protocols.129 Further studies are needed to
further clarify the role of FDG-PET in atherosclerosis imaging.

Conclusion
The etiology of ischemic stroke caused by intracranial and carotid artery disease is important when determining treatment
options and predicting prognosis. Vessel wall imaging can be an
adjunctive or alternative diagnostic method to traditional luminal angiography for depicting vascular pathology. In the intracranial artery, HR-MRI may provide a more precise etiology by
taking into account signal intensity, enhancement, shape, numerical survey results (e.g., diameter, area, and length), and the
location of the vascular walls. Currently, HR-MRI still presents
substantial equivocal and overlapping findings for various intracranial vascular pathologies. Therefore, HR-MR results, clinical
characteristics, and laboratory findings can provide a clear diagnosis and etiology. With the development of additional technologies and further studies, HR-MR will most likely play an important role in evaluating intracranial artery disease.
Characterizing the components of atherosclerotic plaques in
the cervical carotid artery is a fundamental step to determining
the optimal therapy. Improving the imaging techniques would
allow the further study of vulnerable plaques, and increasing precision would allow patients to be stratified according to risk. Vessel wall imaging by using CT, MR, and US with color Doppler is
http://j-stroke.org
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a useful and reliable method; however, the applications of nuclear medicine are still confined to clinical research.
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