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Carotid MrI – providing insight 
into cardiovascular risk
Cardiovascular events are a major source of morbidity and mortality within the aging popula-
tion, a process most commonly triggered by atherosclerotic disease. This article summarises 
studies carried out in a prospective cohort of asymptomatic individuals, to determine if carotid 
plaque morphology and composition as determined by magnetic resonance (MR) imaging can 
be used to identify asymptomatic subjects at risk of cardiovascular events. This non-invasive 
means of vascular assessment has a potential future role for imaging biomarkers in clinical 
management and as a surrogate endpoint in future research studies. 

Cardiovascular events are a major source of morbidity 
and mortality within the aging population; they are most 
commonly triggered by atherosclerotic disease. Athero-
sclerosis is a systemic process that can develop silently 
or asymptomatically but otherwise may manifest itself in 
numerous ways, such as via chest pain, transient ischemic 
attack or limb claudication or through major adverse car-
diovascular events such as heart attack, stroke, or sudden 
death. These major events frequently occur without previ-
ous warning [1]. 

Before promoting a course of preventive therapy, it is 
important to clearly define the level of cardiovascular risk 
and the goals of future management.  Medical therapies 
can have side effects, making appropriate risk stratifica-
tion essential in order to target aggressive medical and 
surgical management to those most vulnerable — in other 
words, appropriately balancing the risk-benefit trade-off. 
Traditionally, cardiovascular risk has been determined 
by calculating a Framingham risk score [2]. Framingham 
risk factors include age, sex, hypertension, hyperlipidemia, 
and smoking. Limitations of the predictive powers of the 
Framingham model have prompted the search for further 
means of risk stratification through new blood and imag-
ing markers.

The carotid arteries are perfectly appropriate for imag-
ing evaluation. These vessels are ideally located for non-
invasive assessment: they are sufficiently superficial to 

easily allow access by imaging probes and surface coils 
positioned within the narrow crook of the neck, thus  
allowing for high resolution ultrasound or magnetic reso-
nance imaging (MRI) acquisitions to be obtained rela-
tively easily.  Compared to other vascular beds, the carotid 
arteries are moderate in size and relatively immobile, 
allowing for the vessel wall to be more accurately assessed. 
The bifurcation within the carotid system creates a region 
of greater shear stress, resulting from pressure variations 
between the low-resistance cerebral circulation and the 
high resistance facial muscles [3]. These factors help opti-
mize the assessment of the vessel wall in regions most 
vulnerable to atherosclerotic change. 

It is for these reasons and others that the carotid arteries 
have long been considered an important surrogate marker 
of our overall vascular health.

Different imaging modalities offer various means of 
quantifying atherosclerotic disease. While conventional 
catheter-based contrast injection and fluoroscopic imag-
ing provides a relative evaluation of luminal narrowing, 
other techniques, such as ultrasound or MRI provide a 
cross sectional assessment that enables volumetric analy-
sis.  The total plaque burden has been shown to be a good 
predictor of future cardiovascular risk [4-6].  

Autopsy studies of patients who have died from vascular 
events have taught us several predictive features of vulner-
able plaque prone to rupture [7-10]. 

Features of vulnerable plaque include a lipid core with 
a thin fibrous cap, ulceration and intraplaque hemorrhage 
[11, 12]. Plaques containing these features are more likely 
to be symptomatic and the patients in whom these plaques 
exist are more likely to suffer from a future major adverse 
cardiovascular event [13]. 

While various imaging techniques can provide differ-
ent insights into plaque composition, their appropriate 
application depends on the patient context. The methods 
include invasive testing with catheter-based fluoroscopic 
imaging, endoscopic ultrasound or optical coherence 
tomography (OCT)  as well as non-invasive assessment 
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with ultrasound or MRI. 
The invasive techniques suffer from 

the obvious disadvantages of increased 
patient risk, discomfort and cost. As a 
non-invasive method, ultrasound is 
widely available and relatively inexpen-
sive. However, this approach suffers from 
significant operator-dependence. 

MRI emerges as the most robust 
means of non-invasive assessment [14, 
15]. It offers superior contrast resolution, 
allowing for a reproducible assessment of 
plaque components. 

As radiologists, we have several 
important questions to answer. Does 
carotid plaque morphology and compo-
sition play a role in predicting cardio-
vascular risk? With our current imaging 
techniques, can we adequately define the 
vulnerable plaque components within an 
asymptomatic population (with a relative 
low disease burden)? Does the identifi-
cation of these vulnerable features add 
prognostic value over and above the sim-
ple knowledge of  the presence of, or the 
area and extent of disease?

CAROTId MRI IN AsYMpTOMATIC 
INdIvIduALs
The Multi-Ethnic Study of Atherosclero-
sis (MESA) is a study sponsored by the 
National Institutes of Health involving six 
communities in the United States. From 
July 2000 through September 2002, a 
total of 6814 adults aged 45-84 years were 
recruited. These individuals were free of 

cardiovascular disease at enrollment. His-
tory, physical exam, blood and imaging 
biomarkers were measured at several 
intervals throughout the study (people 
acquiring clinical data were blinded to 
the imaging results and those perform-
ing the imaging tests were blinded to the 
clinical information). 

Carotid imaging was performed on 
6624 participants using ultrasound and 
internal and external intima-media 
thickness (IMT) measurements carried 
out. From these results, the patients 
with the thickest carotid wall (above 
the 85th percentile according to inter-
nal carotid artery IMT) were recruited 
into the MRI sub-study along with a 
random sampling of the remaining 
MESA population. 

Carotid MRI was performed on 
a total of 946 participants. The MRI 
protocol included time-of-flight imag-
ing and electrocardiographically gated 
T1- and T2-weighted fat-suppressed 
inversion recovery black blood spin-
echo images. In those participants 
who agreed, gadolinium-based con-
trast agent was administered and 
after a 5 minute delay the T1-weigted 
imaging was repeated. Five slices were 
obtained perpendicular to the lumen 
through the internal carotid artery in 
the region of greatest wall thickness. 
One slice was obtained through the 
common carotid artery 1 cm below the 
bifurcation [Figure 1].

IMAGE ANALYsIs
We can determine the wall composition 
by varying different image parameters 
across different acquisitions during the 
MRI exam. These algorithms have been 
validated surgically through the correla-
tion of pre-operative imaging studies and 
ex vivo MRI evaluation of the pathologi-
cal specimens post carotid endarterec-
tomy [16].

Plaque burden can be quantified in 
several ways. The total wall area can be 
calculated by tracing the outer and inner 
contours of the vessels and subtracting 
the inner wall area from the outer wall 
[Figure 2]. When the total wall area is 
multiplied by the slice thickness, the total 
wall volume is obtained. Within the liter-
ature, a popular calculation is the remod-
eling index, defined as the outer wall vol-
ume divided by the total wall volume. 
This remodeling index better reflects the 
positive remodeling phenomenon seen 
in early disease by partially correcting for 
variability in vessel size between individ-
uals within the population unrelated to 
atherosclerotic thickening. Higher values 
of the remodeling index indicate greater 
atherosclerotic burden independent of 
vessel size [17, 18]. 

In MESA, image analysis was per-
formed prospectively —  early on, before 
any events occurred— in a blinded fash-
ion:  the imaging team did not know the 
history, risk factors or event status of the 
participant. MRI imaging demonstrated 
the presence of a lipid core, calcium and 
ulceration in 19.1%, 2.4% and 0.2% of 
participants, respectively.

EvENTs
In the MESA study, a separate committee, 
blinded to imaging results  determined 
events. This group obtained records 
related to hospitalization and death. They 
inspected these medical charts to deter-
mine if the local diagnosis met the study 
criteria for confirmed cardiovascular 
death, cardiac arrest, nonfatal myocardial 
infarction, angina with coronary revascu-
larization or stroke. During the 5.5 ± 1.2 
years of follow-up, 59 (6%) of the study 
participants experienced an incident car-
diovascular event. In keeping with our 
intuitive understanding of 

FigUre 1. The protocol consisted of time-of-flight imaging and ECG-gated T1- and T2-weighted spin-echo images. 
In consenting participants, gadolinium contrast was administered and after a 5 minute delay the T1-weigted imag-
ing was repeated. Five slices were obtained perpendicular to the lumen through internal carotid artery in the region 
of greatest wall thickness. One slice was obtained through the common carotid artery 1 cm below the bifurcation.
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cardiovascular risk, the participants who experienced an event 
tended to be older and a higher proportion were male, hyper-
tensive and diabetic. 

REsuLTs
Multivariable Cox proportional hazard models were created 
including the Framingham risk score alone and with one or 
more imaging parameters. According to our analysis, the carotid 
MRI remodeling index and presence of a lipid core or calcium 
within the internal carotid artery are all independent predictors 
of cardiovascular events. The combination of Framingham risk 
score with the remodeling index and presence or absence of 
the lipid core actually improved the net reclassification index 
of asymptomatic patients by 7% for participants without car-
diovascular events and 16% of individuals with a cardiovascular 
event (p-value of 0.02). 

The net reclassification index is a measurement of the num-
ber of individuals within a population who are correctly re-
categorized by a test and reassigned into a risk group which 
more appropriately reflects their actual clinical outcomes [19]. It 
is a means of determining whether or not additional testing adds 
value to the original model. In our case, carotid morphology and 
composition were both important in improving the correct clas-
sification of cardiovascular risk for patients stratified according 
to their Framingham risk factors. The cardiovascular risk groups 
are defined by the current United States National Cholesterol 
Education Program guidelines as low (<1% per year), intermedi-
ate (1-2% per year) or high (>2% per year) risk [20].

LIMITATIONs
Our study was performed in the context of an epidemiological 
examination of asymptomatic individuals. As a result of the 
low overall disease burden within the population, important 
plaque features such as plaque ulceration, thin fibrous cap, and 

intraplaque hemorrhage were rare findings and thus were not 
included in the statistical analysis. 

Availability and cost-effectiveness will both be important 
determinants of whether carotid MRI is adopted clinically in 
cardiovascular risk assessment. Our study did not address these 
socioeconomic factors. It can be noted, that establishing carotid 
MRI as an effective biomarker of cardiovascular risk should also 
allow its use as a surrogate marker in future therapeutic studies.

CONCLusIONs
We demonstrated in a prospective cohort of asymptomatic 
individuals that the characterization of carotid plaque mor-
phology and composition, the remodeling index and presence 
of a lipid core, respectively, with MRI improves cardiovascular 
risk assessment above baseline Framingham risk factors.  This 
non-invasive means of vascular assessment supports a potential 
future role for these imaging biomarkers in clinical manage-
ment and as a surrogate endpoint in future research studies. 
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FigUre 2. Left common carotid artery (CCA), internal (ICA) and external (ECA) 
branches on sagittal (A) and cross-sectional images (B & C, just above the bifurca-
tion of the vessel, corresponding to the red line). The green line surrounds the outer 
wall, the yellow line encompasses the lumen, the region in between these lines 
outlines represents the total wall area. The blue region (C) surrounds the lipid core.


