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INTRODUCTION

Intracranial lumen imaging techniques involving 
noninvasive modalities, such as computed tomogra-
phy angiography (CTA) and magnetic resonance an-
giography (MRA), as well as invasive methods, such as 
digital subtraction angiography (DSA), which are used 
to screen, identify, and characterize cerebrovascular 
disease. Using intravenous gadolinium contrast, blood 
flow suppression, and high-resolution magnetic reso-
nance imaging (MRI) sequences, vessel wall magnetic 
resonance imaging (vwMRI) can identify vessel wall en-
hancement, which correlates with inflammation, vessel 
wall weakening, and mechanical stress.1,2

In clinical practice, vwMRI has been used to im-
prove the yield of noninvasive imaging to characterize 
high-risk features of intracranial vessel pathologies, 
including intracranial aneurysms (IAs) and intracranial 
atherosclerotic disease (ICAD), and can aid in the diag-
nosis of dissection, vasculitis, and reversible cerebral 

vasoconstriction syndrome (RCVS). Herein, we describe 
the applications of vwMRI as a clinical tool in the diag-
nosis and management of patients with cerebrovascular 
pathologies.

INTRACRANIAL ANEURYSMS

IAs are characterized by localized structural changes 
to the arterial vessel wall that lead to weakening and di-
lation of the vessel wall. Unruptured IAs are present in 
roughly 3% of adults, affecting more women than men 
and increasing in prevalence with age.3 The risk of rup-
ture is 1–2% per year, and risk increases among individ-
uals with hypertension, history of subarachnoid hem-
orrhage, and aneurysms of large or irregular size and 
morphology and those with posterior circulation loca-
tion.4,5 Age, ethnicity, family history, cigarette smoking, 
and geographic location have also been shown to affect 
the risk of rupture.4-6 Given the significant morbidity 
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and mortality associated with IA rupture, the identifi-
cation and treatment of higher-risk unruptured IAs is 
essential. To date, various scoring systems have been 
established to identify unruptured IAs with high rup-
ture risk using CTA, MRA, and DSA. Most prominent 
among these are the earlier subarachnoid hemorrhage, 
location of aneurysm, age, population, size, and shape 
(ELAPSS) and population, hypertension, age, size, ear-
lier subarachnoid hemorrhage, site (PHASES) scoring 
systems, which stratify risk of growth and rupture, 
respectively.4,7 Despite the inclusion of clinical and an-
eurysm characteristics, the assessment offered by these 
systems is incomplete. Certain variables like tobacco 
use or dome morphology are included in one scale and 

not the other, while others like dome thrombus or re-
lationship to parent vessels are not included in either. 
The addition of vwMRI allows identification of aneu-
rysm wall enhancement (Fig. 1), which is a radiobiologic 
marker indicating aneurysm instability.8 This offers the 
potential to better stratify patients with unruptured an-
eurysms by risk, both as a tool allowing more detailed 
analysis of morphological features of an aneurysm and 
as a marker of inflammation provided by aneurysm  
enhancement.

Histopathologically, IAs demonstrate loss of the in-
ternal elastic lamina, atrophy of the tunica media, and 
abnormal patterns of extracellular matrix expression.9 
A number of dynamic and inter-related pathologic pro-

JNN

FIG. 1. Aneurysm. (A) 3D axial T1-weighted image showing a large internal carotid artery unruptured aneurysm (white arrow). (B) 3D axial 
T1-weighted post-contrast image showing enhancement of the aneurysm wall (white arrows), concerning for active inflammation and instability.  
(C) 3D axial T1-weighted post-contrast image after placement of a flow-diverting stent, which has not yet occluded the aneurysm but has created a 
small area of enhancement remote from the aneurysm (white arrow) that has been reported after flow-diverting stent placement presumed to be 
related to local inflammation or thrombosis. (D, E) A second patient who presented with thunderclap headache and was found to have an anterior 
communicating artery aneurysm (D, white arrow, digital subtraction angiogram, lateral projection), which had ruptured and caused subarachnoid 
hemorrhage (E, white arrow, computed tomography noncontrast, axial). (F) 3D axial T1-weighted post-contrast image showing enhancement of 
the aneurysm wall (white arrow), consistent with recent rupture.
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cesses are involved, including endothelial disruption, 
apoptosis and remodeling of vascular smooth muscle 
cells within the tunica media, and increased inflamma-
tion within aneurysm walls.8,10,11 Upregulation of proin-
flammatory cytokines and molecules, including matrix 
metalloproteinases, and inflammatory cell infiltration 
into the aneurysm wall mediate the thinning of the ves-
sel wall, leading to aneurysm growth and rupture.12

When compared with the walls of healthy intracra-
nial vessels, the walls of aneurysms can demonstrate 
increased signal after administration of gadolinium. 
The mechanism of this finding is debatable, as some 
research has demonstrated higher wall permeability 
while other work implicates vasa vasorum, which is not 
typically present in healthy intracranial arteries but can 
be found within aneurysm walls, particularly for large 
aneurysms.13,14 The vessel wall enhancement seen in 
IAs after contrast administration on vwMRI appears 
to reflect both pathophysiological processes, namely 
permeability mediated by endothelial dysfunction and  
inflammation within the aneurysm wall as well as  
development and proliferation of vasa vasorum.11 This 
association helps explain the tendency for unstable IAs  
with thinner, more permeable aneurysm walls to enhance 
more than stable aneurysms. Aneurysm wall perme-
ability—and the resulting degree of enhancement— 
appears to be the best predictor on vwMRI of unstable/
high-risk aneurysms.13 In turn, the absence of wall en-
hancement has been shown to be a significant indicator 
of a stable aneurysm (negative predictive value: 96%).11 

The current recommendations are for conservative 
management of smaller aneurysms (<5 mm) without 
vessel wall enhancement, because this has been shown 
to reliably indicates a stable lesion. Enhancement status 
on vwMRI should be added to the other metrics con-
sidered by the ELAPSS and PHASES scores. To best in-
corporate such data, reproducible quantitative imaging 
analysis should be employed to promote consistency 
and reliability when identifying, assessing, and choos-
ing to treat IAs.15 At the University of Utah Hospital, 
recommendations for treating a patient with an intra-
cranial aneurysm are made based on a combination of 
vwMRI findings, size, and morphology of the IA, clini-
cal symptoms, personal and family history of subarach-
noid hemorrhage, and other risk factors such as age, 
smoking history, ethnicity, and hypertension status. 

INTRACRANIAL ATHEROSCLEROTIC DISEASE

Intracranial atherosclerotic disease (ICAD) poses a 
significant risk for stroke, accounting for approximately  
8% of strokes in Western countries16 and 30–50% of 
strokes in patients in Asia.17 The prevalence of ICAD 
is higher in Asians, African Americans, and Hispanics 
than in North American Caucasians.16 There is variation  
in the morphology of the anterior intracranial circu-
lation among these groups that has been correlated to 
differences in ICAD localization even when controlling 
for other risk factors.18

Although many ICAD cases are discovered after 
stroke onset, the asymptomatic incidence is believed 
to be higher. Common causes of symptomatic ICAD 
are plaque reorganization and disruption, endothelial 
damage, inflammation, and immune-related vessel 
dysfunction.19 ICAD is associated with advanced age, 
diabetes, hypertension, history of stroke, and hyperlip-
idemia.20 ICAD has been traditionally assessed using 
lumen techniques including transcranial Doppler, 
MRA, CTA, or DSA.21 Analysis of the extent of enhance-
ment and accurate diagnosis of ICAD has been greatly 
facilitated by the addition of vwMRI to angiograph-
ic modalities, especially in intracranial arteries with 
moderate-to-mild stenosis.22,23 Although the eccentric 
enhancement observed on vwMRI has proven useful 
in the identification and assessment of ICAD, qualita-
tive interpretation of enhancement varies significantly 
among reviewers. Our group advocates for quantitative 
measurement of postcontrast enhancement of target 
atherosclerotic lesions to improve inter-rater reliability 
of vwMRI findings.15

A hallmark of atherosclerosis involves endothelial cell 
disruption leading to inflammation and wall remodel-
ing. Intraplaque hemorrhage and plaque enhancement 
are two of the most important characteristics when 
identifying and analyzing ICAD.24 Atherosclerosis with 
plaque enhancement on vwMRI has been correlated 
with a higher risk of thromboembolic complications.19 
Similar to vessel wall enhancement in unstable IAs, the 
enhancement seen with ICAD may be the result of an 
inflammatory process brought on by numerous causes, 
including disruption of the endothelium or changes 
to the smooth muscle layer.25,26 Further evidence of 
intraplaque hemorrhage is a relatively reliable marker 
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of high-risk ICAD that presents as distinct enhance-
ment on T1-weighted images and signifies a weaker or 
disrupted plaque.27,28 Intraplaque hemorrhage is best 
detected with heavily T1-weighted sequences including 
magnetization-prepared rapid acquisition gradient 
echo (MPRAGE).29 Simultaneous non-contrast angiog-
raphy and intraplaque hemorrhage imaging can also be 
used.30 To date, multiple meta-analyses in the extracra-
nial carotid literature have focused on the importance 
of intraplaque hemorrhage for identifying potential 
stroke sources independent of stenosis31 as well as 
plaques with high future stroke risk.32-34 More recently, 
intraplaque hemorrhage has been found in both low- 

and high-grade stenotic basilar artery plaques and was 
independently associated with symptomatic stroke 
status.35 Thus, progression to intraplaque hemorrhage 
may correspond to a higher risk of plaque disruption 
and subsequent stroke.

ICAD can result in ischemic strokes via several mech-
anisms: hypoperfusion from flow-limiting stenosis, 
occlusion of a perforator leading to a lacunar infarct, 
thrombosis/embolism from plaque rupture, or a com-
bination of processes. Putatively, vwMRI can help 
improve diagnosis and management of patients with 
ICAD by quantifying stenosis, identifying plaque in the 
region of perforators implicated in lacunar infarction, 

FIG. 2. Atherosclerotic plaque. (A) Atherosclerotic plaque (white arrow) of the vertebrobasilar junction on 3D axial T2-weighted image in a patient 
who presented with a transient ischemic attack. The fibrous cap appears as the juxtaluminal T2 hyperintensity. (B) 3D axial T1-weighted post-con-
trast showing eccentric vessel wall enhancement (white arrow), consistent with a recently symptomatic atherosclerotic plaque, and outward re-
modeling of the plaque. (C) Digital subtraction angiography of the same patient in A and B, showing a lateral view of the atherosclerotic stenosis 
at the vertebrobasilar junction (white arrow). (D) Diffusion-weighted image and apparent diffusion coefficient axial images of a second patient 
who presented with left-sided weakness and was found to have acute ischemic stroke in the right internal capsule (white arrow). (E) Time-of-flight 
magnetic resonance angiography shows minimal right M1 stenosis (white arrow) of the middle cerebral artery, at the origin of the lenticulostriate 
perforators that supplied the distribution of the ischemic stroke. (F) Sagittal reconstruction of the same right M1 segment again demonstrates 
eccentric wall enhancement (white arrow), consistent with recently symptomatic atherosclerotic plaque, and outward remodeling at the site of the 
enhancement. 
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or demonstrating enhancement indicative of plaque in-
stability and risk for disruption and thromboembolism 
(Fig. 2). 

INTRACRANIAL ARTERIAL DISSECTION

Intracranial arterial dissection frequently occurs after 
an initial cervical vertebral artery or cervical internal 
carotid artery (ICA) dissection but may result from an 
unrelated intracranial pathology.2 Dissections most 

commonly involve the dorsal wall of the supraclinoid 
ICA, horizontal (M1) segment of the middle cerebral 
artery (MCA), and intracranial (V4) segment of the ver-
tebral arteries.36 Intracranial dissections are rare and 
may cause stroke or subarachnoid hemorrhage, espe-
cially in young adults aged 20–50 years.37 Dissections 
may be further categorized as subintimal or subad-
ventitial, each with distinct clinical course and risks.38 
Subintimal dissections are more likely to progress to a 
thromboembolic ischemic event whereas subadventi-
tial dissections are more likely to cause subarachnoid 
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FIG. 3. Dissection. (A) Pre-contrast delay alternating with nutation for tailored excitation (DANTE) image of spontaneous left cervical internal ca-
rotid artery (ICA) dissection. Arrow indicates the true lumen of the vessel. Arrowheads indicate the two lobules of the pseudoaneurysm resulting 
from vessel wall dissection. The wall can be seen between these structures. (B) Magnetic resonance angiography processed by maximum intensity 
projection (MRA MIP) of the neck reveals the location of dissection and the arrow delineates the associated pseudoaneurysm. (C) Post-contrast 
DANTE image of spontaneous left cervical ICA dissection. Arrow points to the original lumen. Arrowheads identify two lobules of the pseudoan-
eurysm. The enhanced vessel wall appears clearly between these structures. (D) Lateral digital subtraction angiography (DSA) showing a basilar 
artery dissection and near occlusion (white arrow). (E) Axial diffusion-weighted image showing a pontine ischemic stroke (white arrow) from the 
dissection. (F) 3D axial T1-weighted image, proximal to occlusion, showing eccentric wall thickening with T1 hyperintense signal (short white arrow) 
representing arterial dissection, with the remaining patent lumen (thick arrow). 
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hemorrhage or lead to pseudoaneurysm formation. 
Intracranial subadventitial dissections may be harder 
to detect on imaging because they are generally not 
accompanied by lumen narrowing or blood flow inter-
ference.38,39 In contrast, subintimal dissections tend to 
directly affect lumen size, facilitating identification.1,38

On imaging, intracranial arterial dissections may be 
identified by a double lumen and/or intimal flap, and 
often the appearance of the dissected vessel will change 
on follow-up imaging. On MRI, the intimal flap that 
forms the divide between true and false vessel lumen 
appears as a curvilinear hyperintensity on T2-weighted 
images.2 Eccentric wall thickening may also present on 
imaging and may be tied to inflammation, enhanced 
vasa vasorum, or reduced blood flow.24 An intramural 
hematoma is a defining feature on MRI and will clearly 
display blood outside of the true lumen, with heavily 
T1-weighted sequences including MPRAGE represent-
ing the optimal means to visualize hematoma.31,36,38 
Furthermore, the presence of intramural hematoma 
signifies a dissection that is more likely to progress to 
an ischemic event, result in subarachnoid hemorrhage, 
or lead to the development of a pseudoaneurysm.40

In the context of intracranial arterial dissection, 
high-resolution vwMRI sequences may allow more 
sensitive detection of dissections compared with angio-
graphic imaging alone.2,41 Postcontrast vwMRI sequenc-

es may facilitate diagnosis because the dissection flap 
may eccentrically enhance within the dissection (Fig. 3). 
Despite being the gold standard and highest resolution 
means of diagnosing intracranial pathology, even DSA 
may not adequately resolve some high-risk features of 
a dissection because of its reliance on lumen findings. 
Therefore, in difficult cases, we recommend that DSA 
should be supplemented with vwMRI as a means of so-
lidifying a diagnosis.

VASCULITIS AND REVERSIBLE CEREBRAL  
VASOCONSTRICTION SYNDROME

Vasculitis refers to a nonspecific inflammatory pro-
cess within the walls of a blood vessel. Primary central 
nervous system (CNS) vasculitis is rare and predomi-
nantly involves small and medium-sized arteries. Sec-
ondary CNS vasculitis is brought on by autoimmune or 
infectious causes. In either case, vwMRI will demon-
strate smooth, concentric, relatively homogenous en-
hancement of the thickened vessel walls (Fig. 4). As in 
the case of many of the previously mentioned cerebro-
vascular pathologies, the inflammatory processes that 
occur in the wall of the arteries involved may lead to 
greater permeability to contrast agent. In patients with 
multiple ischemic strokes in diverse areas of the brain 

FIG. 4. Vasculitis. (A) 3D axial T1-weighted post-contrast image showing the “tram track” appearance (white arrow) with concentric enhancement 
from presumed cerebral vasculitis due to inflammatory amyloid angiopathy with adjacent leptomeningeal enhancement from recent superficial 
siderosis. (B) Higher magnification of the same patient showing the tram track appearance of concentric enhancement (white arrow). (C) 3D axial 
T1-weighted post-contrast image in a second patient with bacterial meningitis and associated vasculitis showing the concentric vessel wall 
enhancement in both terminal internal carotid artery segments (white arrows), which extends along the left middle cerebral artery. 
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with distinct vascular territories, a practitioner should 
suspect vasculitis. The use of vwMRI contributes to the 
ability to differentiate between ICAD and vasculitis by 
exposing the “periadventitial” area, which is specific to 
vasculitis and is defined as enhancement surrounding 
the vessel wall.42 

RCVS is characterized by reversible smooth muscle 
contraction within a vessel wall leading to transient 
vasoconstriction. It is sometimes referred to as be-
nign cerebral vasculitis because of its similar clinical 
and radiological findings.24 Young and middle-aged 
women are the population with the highest prevalence. 
Eclampsia and the postpartum period are associated 
with a slightly higher incidence. Smoking, alcohol, and 
certain prescription medication and stimulant drug 
use have been identified as risk factors.43 RCVS may be 
diagnosed in the presence of sudden-onset headache 
with and without evidence of concomitant hemorrhage. 
RCVS may present with alternating constriction and re-
laxation of the vessel walls throughout the intracranial 
vasculature, leading to transitory symptoms. Reversibil-
ity within three months is considered the most specific 
feature of RCVS. In contrast to vasculitis, symptoms 
are highly likely to resolve. The diagnosis is confirmed 
only after resolution of symptoms.24,44

Radiographically, RCVS presents with vessel wall 
thickening and is usually characterized by the lack of 
enhancement (Fig. 5).2,24  It is presumed that smooth 
muscle shortening and overlap are the primary causes 
of observable wall thickening and therefore the vessel 
wall generally appears isointense.44 Occasional atypical 

radiographic presentations of RCVS demonstrating 
mildly enhanced vessel walls make its differentiation 
from CNS vasculitis difficult. The treatment course for 
RCVS includes elimination of the inciting agent and 
systemic and/or intra-arterial calcium channel block-
ers to decrease vascular smooth muscle contraction. It 
is critical to differentiate RCVS from vasculitis before 
treatment is carried out, because steroid treatment for 
a presumed vasculitis will often aggravate the condition 
if the patient actually has RCVS.45

MOYAMOYA

Moyamoya often appears in the terminal ICA, prox-
imal MCA, or proximal anterior cerebral artery.24 Nar-
rowing of the ICA leads to compensatory maturation of 
the collateral vessels.46 The collateral vessels typically 
display thinner walls, disjointed elastic laminae, and 
microaneurysms.47 Over time, the collateral vessels are 
known to disappear, shifting some of the burden of 
blood supply to anastomoses arising from the exter-
nal carotid artery.48 Pathological characteristics of the 
vessels involved with moyamoya include tunica intima 
thickening coupled with a diminishing tunica media. 
The internal elastic lamina is often duplicated and con-
voluted. In contrast to some other vascular pathologies, 
wall thickening with moyamoya is not marked by in-
flammatory or atherosclerotic involvement.47 Occlusion 
within these vessels is tied to the abnormal prolifera-
tion of smooth muscle cells and propensity for throm-

A B C

FIG. 5. Reversible cerebral vasoconstriction syndrome. (A) Anterior-posterior digital subtraction angiogram in a patient who presented with 
post-coital headache and was found to have multifocal luminal narrowing in the bilateral M2 branches (dotted and solid white arrows). (B) Axial 
diffusion-weighted image showing a right hemisphere ischemic stroke (white arrow) in the same patient. (C) 3D axial T1-weighted post-contrast 
image showing the absence of vessel wall enhancement at the M2 segments (dotted and solid white arrows), consistent with reversible cerebral 
vasoconstriction syndrome, which should result in very subtle or no enhancement of the vessel wall at sites of vasospastic narrowing.
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bosis.
Moyamoya progresses through a series of stages that 

are distinguished by their appearance on imaging,49 
with DSA representing the primary method of imaging 
and diagnosis. In cases where differentiating between 
moyamoya and other diseases such as ICAD is difficult, 
vwMRI can provide the necessary resolution to aid in 
diagnosis.24 The degree of enhancement seen is no-
tably less than in ICAD, and concentric enhancement 
patterns are often detected.50 The outer diameter of the 
vessels involved is frequently reduced. Moyamoya is 
also known to occur bilaterally more often than ICAD.51 

CONCLUSIONS

The use of intracranial vwMRI alongside other stan-
dard luminal imaging modalities greatly improves 
the accurate diagnosis, assessment, management, and 
treatment of patients with cerebrovascular diseases. 
More research is needed to prospectively understand 
the pathophysiology of vessel wall inflammation and 
elucidate its role in the growth and/or rupture of in-
tracranial aneurysms, in intracranial plaque behavior, 
and in vessel wall hemorrhage in arterial dissection. At 
present, vwMRI can be used to improve diagnosis and 
to provide additional information regarding prognosis 
that can be interpreted in the context of routine de-
mographic, scoring system, and serologic data. Future 
trials involving this novel imaging modality will likely 
require the performance of vwMRI at baseline and after 
1–2 years to reinforce the findings seen in retrospective 
studies.
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