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INTRODUCTION

Over the last 20 years magnetic resonance(MR)
imaging has become established as one of the
mainstays of noninvasive imaging of carotid artery
disease. Almost all investigations of the carotid
artery are for the detection of the effects of athero-
sclerotic plaque at or around the carotid artery
bifurcation. Investigation of the carotid artery
may be triggered in the search for potentially
symptomatic lesions as part of primary prevention,
or in response to a neuroischemic event to
secondarily prevent further brain ischemia.

Routine clinical carotid artery imaging com-
prises techniques that attempt to quantify vessel
stenosis, which can be used to decide whether
the patient is eligible for a nonmedical intervention.

Interventions to reduce future cerebroischemic
events have been shown to be warranted when
the carotid vessel reaches a certain significant ste-
nosis.1 However, although patients with significant
stenosis are at higher risk of events, patients
without such degrees of vessel narrowing may
also be prone to transient ischemic attack or
stroke, which suggests that the culprit vascular
lesion is defined not only by stenosis but by other,
currently hidden, features that make the vessel
wall disease more prone to cause thromboembolic
events.

In the same time period in which MR angiog-
raphy (MRA) of the carotid artery has gained clin-
ical acceptance as an accurate and clinically
useful technique for detecting and measuring ca-
rotid artery stenosis, there has also been an active

Disclosure: The investigators have nothing to disclose.
Department of Medical Imaging, University of Toronto, Toronto, Ontario, Canada
* Corresponding author.
E-mail address: alan.moody@sunnybrook.ca

KEYWORDS

� Imaging � Carotid plaque � Intraplaque hemorrhage � Magnetic resonance angiography
� MR imaging

KEY POINTS

� The incorporation of a simple, short, and easy-to-acquire sequence to visualize the vessel wall and
detect intraplaque hemorrhage (IPH) is achievable now.

� Assessment of carotid disease should include baseline imaging to show stenosis, such as time of
flight or contrast-enhanced magnetic resonance angiography, and commonly includes simple brain
imaging to assess prior neuroischemic disease.

� Total imaging time is therefore likely to be in the order of 15 to 20 minutes.

� The addition of an IPH-detecting vessel wall sequence only adds a further 5 to 6 minutes to a base-
line examination, which overall translates into 30 to 40 minutes of scanner table time.
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research agenda to use MR imaging to provide
more information regarding vessel wall disease in
an attempt to add to the MRA data already avail-
able.2 This work has added greatly to the under-
standing of the natural history of vessel wall
disease in vivo. By identifying vessel wall compo-
nents of atherosclerotic disease, an understanding
of what is now known to be the complex pathobi-
ology of atherosclerosis has informed the develop-
ment of imaging biomarkers. One characteristic of
high-risk plaque that has such an imaging surro-
gate is intraplaque hemorrhage (IPH).3 This article
discusses the opportunity for introducing vessel
wall imaging into clinical practice using a single
sequence to detect IPH. Reluctance to do so
earlier, despite the development of vessel wall
MR imaging techniques, has likely stemmed from
the perceived notion that implementation is a com-
plex process requiring specialized equipment and
sequences, and needing the addition of long
imaging protocols with off-line postprocessing
for interpretation. In addition, evidence that the
information provided by such imaging is useful
clinically has previously been sparse. This article
therefore addresses some of these issues and po-
sitions the current and future role of clinical vessel
wall MR imaging to detect IPH, and discusses the
use of time-efficient imaging protocols to provide
additional, clinically relevant information on cur-
rent MR imaging platforms.

PATHOLOGY

Atherosclerosis is initiated by several factors that
disturb endothelial function, including aging, hy-
perglycemia, hypercholesterolemia, hypertension,
and smoking.4 Endothelial dysfunction manifests
as loss of normal antiinflammatory, antithrom-
botic, and vasoreactive functions. Normal choles-
terol handling at the interface between the vessel
wall and lumen is disturbed such that there is a
net ingress of cholesterol into the intima and in-
creased cholesterol residency. Over time, choles-
terol coalesces into lipid pools. The intraplaque
environment results in lipid oxidation with the pro-
duction of oxygen free radicals.
In response to these changes, circulating white

cells are attracted within the plaque through endo-
thelial activation and expression of surface recep-
tors. Circulating monocytes enter the plaque and
transform into tissue macrophages. Phagocytosis
of plaque lipids by macrophages results in foam
cell formation commonly leading to macrophage
apoptosis rather than removal of lipid from the
vessel wall. A reparative response to disease
within the plaque results in stimulation of smooth
muscle cell proliferation and the development of

intima-medial thickening in an attempt to stabilize
the inflammatory process.
An indirect effect of plaque surface thickening is

loss of the usual oxygen diffusion from the lumen
into the vessel wall once the thickening increases
to more than 200 mm. In response to this, second-
ary to release of factors such as HIF-1 (hypoxic
inducible factor), and the presence of intraplaque
macrophages, there is a release of VEGF (vascular
endothelial growth factor), which stimulates neo-
vessel growth within the plaque predominantly
from the normal vasa vasorum within the adven-
titia. However, the new vessel growth results in
leaky, friable vessels, vulnerable to red cell depo-
sition and frank hemorrhage within the vessel
wall. The trigger for plaque hemorrhage is not
clearly understood but plaque morphology, hemo-
dynamics, or changes in systemic blood pressure,
particularly the pulse pressure,5 may result in
repeated microhemorrhages within the plaque
(Fig. 1).
The delivery of red blood cells within the plaque

has several deleterious effects. First, if the volume
of blood deposited in the atherosclerotic plaque is
large it can result in a significant change in volume
of vessel wall disease and potential encroachment
on the lumen. This process has been seen as one
of the causes of rapid changes in stenosis; rapid
reduction can also occur with blood resorption.
Likely, and more common, are repeated small
hemorrhages, not causing a significant change
in plaque volume. These hemorrhages result in
repeated delivery of red cells deep within the
vessel wall lesion, which has 2 significant and
related effects. Red blood cell membranes have
one of the highest cholesterol contents of any cell
in the human body, and this is further increased
in states of hypercholesterolemia. Each red cell
delivered into the plaque therefore adds to the lipid
core. Following red cell lysis, the other major
component directly introduced within the plaque
is hemoglobin. As this undergoes degradation,
free heme is released. Heme is highly inflammatory
and through the Fenton reaction drives the repeti-
tive production of oxygen free radicals, which
continue to feed the hostile plaque environment.
The combination of cholesterol and heme deliv-

ered with every red cell therefore provides an
inflammatory combination driving the athero-
sclerotic process. In response there is further
monocyte/macrophage migration into the plaque,
which results in further inflammatory cytokines,
angiogenesis, lipid oxidation, and cell death
causing enlargement of the plaque’s necrotic
core, neovascularization, and subsequent hemor-
rhage. This vicious cycle likely accounts for the
acceleration in atherosclerotic disease from a
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