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Abstract

The European Society of Cardiovascular Radiology (ESCR) is the European specialist society of cardiac and vascular imaging.
This society’s highest priority is the continuous improvement, development, and standardization of education, training, and best
medical practice, based on experience and evidence. The present intra-society consensus is based on the existing scientific
evidence and on the individual experience of the members of the ESCR writing group on carotid diseases, the members of the
ESCR guidelines committee, and the members of the executive committee of the ESCR. The recommendations published herein
reflect the evidence-based society opinion of ESCR. We have produced a twin-papers consensus, indicated through the docu-
ments as respectively “Part I”” and “Part I1.” The first document (Part I) begins with a discussion of features, role, indications, and
evidence for CT and MR imaging-based diagnosis of carotid artery disease for risk stratification and prediction of stroke
(Section I). It then provides an extensive overview and insight into imaging-derived biomarkers and their potential use in risk
stratification (Section II). Finally, detailed recommendations about optimized imaging technique and imaging strategies are
summarized (Section III). The second part of this consensus paper (Part II) is focused on structured reporting of carotid imaging
studies with CT/MR.

Key Points

* CT and MR imaging-based evaluation of carotid artery disease provides essential information for risk stratification and
prediction of stroke.

* Imaging-derived biomarkers and their potential use in risk stratification are evolving; their correct interpretation and use in
clinical practice must be well-understood.

* A correct imaging strategy and scan protocol will produce the best possible results for disease evaluation.
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Abbreviations CT Computed tomography
18F 18-fluorodeoxyglucose CTA Computed tomography angiography
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LPNC Lipid-rich necrotic core
MIP Maximum intensity projection

MR Magnetic resonance

MRA Magnetic resonance angiography
MSDE Motion-sensitized driven-equilibrium
PD Proton density

PET Positron emission tomography
PFD Perivascular fat density
SNR Signal-to-noise ratio
SPACE  Sampling perfection with application
optimized contrasts using different
flip angle evolutions
TIW T1-weighted
TOF Time of flight
(0N Ultrasound
USPIO Ultrasmall superparamagnetic iron oxide
VISTA Volume isotropic turbo spin-echo acquisition
VR Volume rendering

Introduction and purpose of this document

In the last 20 years, new evidence has been added to the under-
standing of the pathophysiology of the carotid-related stroke
occurrence, by introducing the concept of the carotid artery
vulnerability related to the plaque’s features. In the same period,
a significant evolution of imaging techniques has occurred
which not only allows for routine quantification of the degree
of stenosis but also enables the assessment of the plaque com-
position and the detection of features of vulnerability.

The European Society of Cardiovascular Radiology
(ESCR) is the European specialist society of cardiac and vas-
cular imaging. This society’s highest priority is the continuous
improvement, development, and standardization of education,
training, and best medical practice, based on experience and
evidence. The present intra-society consensus is based on the
existing scientific evidence and on the individual experience
of the members of the ESCR writing group on carotid dis-
eases, the members of the ESCR guidelines committee, and
the members of the executive committee of the ESCR. The
recommendations published herein reflect the evidence-based
society opinion of ESCR.

We have produced a twin-papers consensus, indicated
through the documents as respectively “Part I’ and “Part I1.”

The first document (Part I) begins with a discussion of
features, roles, indications, and evidence for CT and MR
imaging-based diagnosis of carotid artery disease for risk
stratification and prediction of stroke (Section I). It then pro-
vides an extensive overview and insight into imaging-derived
biomarkers and their potential use in risk stratification
(Section II). Finally, detailed recommendations about opti-
mized imaging technique and imaging strategies are summa-
rized (Section III).
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The second part of this consensus paper (Part II) is focused
on structured reporting of carotid imaging studies with CT/MR.

Section I: Current concepts in imaging-based
risk stratification of ischemic stroke:
an introduction

The use of stenosis severity to stratify for stroke risk

Stroke is one of the most important causes of morbidity and
mortality worldwide, responsible for 5% of the global loss of
disability-adjusted life years and over 10% of deaths world-
wide. The current annual incidence of stroke in Europe and
the USA is about 200 per 100,000 population, with 80% of
strokes being ischemic [1, 2].

In 1952, C. Miller Fisher demonstrated that atherosclerotic
disease of the carotid artery is one of the leading causes of
ischemic stroke. Consequently, he suggested the treatment of
carotid artery disease as the method of choice to prevent cere-
brovascular events [3].

Before the CT/MR-era, the only available imaging tech-
nique to investigate the whole trajectory of the carotid arteries
in vivo was invasive angiography. Ultrasound remains an im-
portant initial imaging modality for initial assessment
(Table 1) but is reserved for evaluation of the carotid bulb
region. Angiography has the inherent limitation that only lu-
minal information, which only allowed evaluation of the de-
gree of stenosis and presence of surface irregularities, could be
obtained. Consequently, the first landmark trials performed in
the 1980s were only based on the stenosis severity as chosen
parameter to stratify the stroke risk, measured on 2-
dimensional invasive carotid angiography. The North
American Symptomatic Carotid Endarterectomy Trial
(NASCET) [4] and the European Carotid Surgery Trial
(ECST) [5] trials showed that revascularization in symptom-
atic patients with a severe degree of stenosis significantly re-
duced the occurrence of cerebrovascular events. As such, in
the following years, the stenosis severity was incorporated
into guidelines as the primary parameter to select patients for
surgical therapy (together with a simplified classification of
the clinical status of the patient as symptomatic or asymptom-
atic). According to NASCET, luminal stenosis is classified as
“mild” (049%), “moderate” (50-69%), and “severe” (70—
99%) [6, 7]. In this manuscript, we will use the same termi-
nology when referring to amount of stenosis.

Looking beyond stenosis: contemporary concepts

Over the past 25 years, there has been a shift away from this
previously accepted paradigm that arteries are merely conduits
for blood flow, with the degree of stenosis as the sole key
parameter to assess disease significance and severity.
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Table 1 Correlation between
internal carotid artery stenosis and ICA stenosis (%) ICA PSV (cm/s) ICA EDV (c/s) PSV ratio (ICA/CCA)
ultrasound velocity
measurements. /CA, internal Normal <125 <40 <20
carotid artery; PSV, peak systolic <50 <125 < 40 <20
velocity; EDV, end-diastolic 50-69 125-230 40-100 2.0-4.0
velocity; CCA, common carotid
artery > 70 > 230 > 100 >4.0
Near-occlusion Variable Variable Variable
Occlusion - - Not applicable

Extensive research, including animal models of atheroscle-
rosis and observations using modern imaging techniques such
as ultrasound, computed tomography angiography (CTA),
and magnetic resonance (MR) without or with angiography
(MRA), revealed that vessel walls actually integrate complex
dynamic structures which are involved in the regulation of
blood flow. The previous—simplified!—understanding of
atherosclerosis, being a process leading to a progressive de-
crease of lumen caliber resulting in blood flow-limiting le-
sions, was now challenged by the identification of multiple
complex molecular and cellular processes driven by the endo-
thelium that influence the condition of the remaining vessel
wall elements. Early atherosclerotic processes result in a rela-
tively predictable asymptomatic progression of disease,
followed later by unpredictable manifestations that possibly
result in downstream ischemic sequelae [§].

In particular, a deeper understanding of the role of
atherosclerotic carotid plaques, their biochemical and ul-
trastructural composition, and their geometry emerged.
Several studies have shown the importance of plaque
characterization in both symptomatic and asymptomatic
patients [9, 10]. Consequently, the assessment of stroke
risk using only the degree of stenosis, as in the previous-
ly mentioned NASCET and ESCT clinical trials, seems
outdated now as the acquired knowledge gained over the
last years about additional imaging biomarkers is not
recognized or incorporated. Moreover, the potential im-
pact of the stenosis degree has been further questioned
by the understanding of the positive remodeling phenom-
enon (further detailed in Part II of this document), in
which a substantial atherosclerotic plaque can develop
without any or very limited repercussion on luminal ste-
nosis. In other organ systems including the coronary ar-
teries, the critical impact of plaque features other than
stenosis has been extensively validated [11-15]. Based
on this experience and increasing knowledge, the incor-
poration of additional imaging parameters reflecting
multiparametric plaque features into the assessment of
the carotid arteries allows for a more accurate risk esti-
mation for ischemic stroke and improves individual pa-
tient management.

Imaging work-up: for whom?
ESCR Consensus Statement |

In asymptomatic patients, CT or MR should be the second-line
imaging techniques that is always performed after an initial
ultrasound exam has identified a severe stenosis, plaque fea-
tures possibly correlated to increased stroke risk or was not
conclusive.

In symptomatic patients, CT or MR can be considered the
first-line imaging technique.

In the definition of the imaging work-up, a key point is the
definition of the status of the patient as symptomatic or
asymptomatic.

In asymptomatic patients without risk factors for carotid
disease, most guidelines and health authorities do not recom-
mend imaging for screening purposes [16, 17]. The reason is
that complications due to unnecessary interventions resulting
from overdiagnosis outweigh the benefit of early detected
disease on a population level, partly due to the low prevalence
of high-grade stenoses. Some guidelines recommend
“targeted screening” in asymptomatic patients with a high-
risk profile (previous acute myocardial infarction, pathologi-
cal blood exams) for carotid disease due to the proven reduc-
tion of risk for stroke with revascularization in subjects with
asymptomatic severe (more than 70%) carotid stenosis [18]
(https://acsearch.acr.org/docs/69478/Narrative). However,
there is currently no agreement on this point and discussions
are ongoing.

Risk scores to enable targeted screening of cases in popu-
lations with an elevated risk of asymptomatic carotid stenosis
have been developed [19] and risk prediction models can be
used to select particular individuals for targeted screening to
detect asymptomatic carotid stenosis, allowing improved car-
diovascular risk management to prevent complications. In a
recently published multi-national survey in asymptomatic pa-
tients [20], the first exam used to evaluate carotid bifurcation
was ultrasound in 88.8% of cases, CT in 7%, and MR in 4.2%.
If a severe degree of stenosis was found in the US analysis, a
second level exam was performed (CT in 88% of cases and
MR in 12% of cases).
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In the case of symptomatic patients, work-up strategies are
oriented to the identification of the causes of stroke and there-
fore imaging of the carotid artery is a mandatory examination.
There are significant differences in the imaging strategies ac-
cording to multiple parameters (geography, level of the hos-
pital (first, second or tertiary level) and the academic / nonac-
ademic institutions) as recently published [20]: In the case of
symptomatic patients, half of the centers perform US as the
first exam to evaluate carotid arteries (50.4%) followed by CT
(41.6%), and then MR (8%). In symptomatic patients that are
first studied with US, if a severe degree of stenosis is found, a
second level exam is performed (CT in 85% of cases and MR
in 15% of cases). Symptomatic persons that are admitted to a
hospital with acute stroke symptoms usually undergo CT
stroke imaging including a CT angiography of the head and
cervical vessels with the ongoing current practice of perform-
ing frequently CT of the intracranial vessel at the admission in
the symptomatic stroke [21] that could be easily extended
from the intracranial level to the cervical level. These data
suggest that patients with cerebrovascular symptoms could
be directly assessed with second-level imaging. In this scenar-
io, it is also important to underline that in several centers the
request for CT or MR after ultrasound is oriented by the de-
tection of a severe degree of stenosis (assessed morphologi-
cally or with the PSV values). However, recently published
papers have demonstrated that carotid plaque rupture plays a
key role also in patients with mild or absence of degree of
stenosis (cryptogenic stroke) [10, 22]. This information sug-
gests that also subjects that are considered with the absence of
severe carotid stenosis could have a vulnerable, eccentric
plaque that is the cause of the cerebrovascular symptoms
[23-25].

Section Il: CT- and MR-derived plaque
imaging features

Quantifying the degree of stenosis
ESCR Consensus Statement I

Historically, carotid stenosis remains primarily quantified
and reported as a percentage-based luminal minimal diame-
ter stenosis against a chosen reference diameter. The stenosis
severity remains the only available validated parameter in
current guidelines for treatment decision-making based on
the 70% stenosis cut-off. We recommend using the NASCET
method to assess carotid artery stenosis, and to clearly men-
tion this choice in the radiology report.

To exploit the potential offered by modern CT and MR
imaging and post-processing software, cautious inclusion of
other additional approaches is possible, available, in order to
incorporate all morphological information for better risk-
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stratification of the individual patient. Nevertheless, no
guidelines-supported cut-off values exist for these techniques,
and they must be carefully interpreted on a case-by-case basis
considering all clinical and imaging information.

As previously explained, the NASCET and ESCT trials
both demonstrated the ability of carotid endarterectomy
(CEA) to prevent strokes and death in symptomatic patients
with severe carotid stenosis. Specifically, these trials used the
percentage degree of stenosis in the internal carotid artery
(ICA) as the lead parameter to guide a relatively simple and
reproducible strategy to assess patients’ stroke risk and stratify
between surgical and non-surgical therapeutical options.

In practice, the currently most used approach to quantify
the degree of stenosis is the NASCET technique [26]. The
NASCET and ESCT method of measuring stenosis are de-
tailed in Fig. 1 and differ significantly. Comparing luminal
stenosis at the bulbus level to the estimated anatomical bulb
diameter (ESCT) yields completely different values than com-
paring the bulbar luminal diameter to a reference vessel diam-
eter well beyond the region of the bulb (NASCET). Therefore,
it is fundamental to indicate in every report which quantifica-
tion technique was used NASCET or ECST). Based on the
results of a systematic review by Abbott et al, the NASCET
system is the most commonly used method in guidelines [26].

Over the years, different approaches to stenosis quantifica-
tion have additionally been suggested addressing the limita-
tion of measurement based on projections from invasive dig-
ital subtraction angiography (DSA) as used in both the
NASCT and ECST trials. These approaches include area-
based stenosis or providing absolute minimal diameter values
[27, 28]. These new metrics offer a different perspective of
stenoses caused by plaques, taking into account all available
3D anatomical information (e.g., area-stenosis, Fig. 2).
However, no guidelines-supported cut-off values exist for
these techniques to guide clinical management, and they are
not considered standard practice outside research settings.
Furthermore, they are often cumbersome to implement in clin-
ical practice, although recent software advances have the po-
tential to make these measurements a more straightforward
task.

Carotid plaque components
ESCR Consensus Statement llI

Imaging-derived biomarkers can be obtained by means of CT
and MR to provide detailed information about plagque vulner-
ability and to predict further cerebrovascular events. While
previous guidelines have not formally adopted these new bio-
markers, the current evolution points to a future multifactorial
approach for the risk stratification of carotid plaques beyond
the sole quantification of stenosis, incorporating all validated
new biomarkers.
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NASCET
North America Symptomatic Endarterectomy Trial a

Fig. 1 Measurement of carotid stenosis using the NASCET (a) and
ECST (b) methods, revealing the difference in choice of reference
diameters. While both methods use the narrowest luminal diameter at
the location of stenosis, the reference diameter is in the NASCET
method located well beyond the carotid bulb where the walls are
parallel, while ESCT uses the outside diameter of the carotid bulb. All

Based on already existing knowledge and evidence and
facing the potential of modern imaging techniques, the stan-
dardized quantification of the degree of stenosis should be
supplemented with information about the underlying plaque
and its characteristics as well as about vessel and luminal
surface morphology to improve stroke risk stratification and
treatment decision making. Consequently, a state-of-the-art
imaging study of the carotid arteries should provide detailed
information on the two main morphological features: plaque
morphology and vessel morphology.

While various plaque components will now be discussed,
they are not all a mandatory part of a routine radiological
report. A practical overview of different plaque components,

reference diameter

C reference diameter

ECST
European Carotid Surgery Trial b

measurements are cross-sectional perpendicular to the long-axis of the
artery, and expressed in percentage stenosis. As such, it is easy to
understand that the same lesion leads to different degrees of stenosis
between NASCET and ESCT. NASCET, North-America Symptomatic
Carotid Endarterectomy Trial; ESCT, European Carotid Surgery Trial

their clinical setting (routine vs research), and preferred imag-
ing modality is given at the end of this paper.

Plaque composition: standard classification

In the following sections, a detailed overview of plaque com-
ponents and characteristics within their clinical context is
provided.

In 1995, the American Heart Association (AHA) published
a detailed classification scheme designed to be used as a his-
tological template for images of plaques obtained by a variety
of invasive and noninvasive techniques in the clinical setting
[29]. In this AHA scheme (Table 2), revised in 2000 [30], the
lesions are designated by Roman numerals, indicating the

Fig. 2 Limitations of diameter-based vs area-based stenosis assessment.
A small intraluminally protruding non-calcified plaque is seen (arrow in
a). However, as shown in panels b and ¢, the same luminal degree of
diameter stenosis can be found in two totally discrepant situations, where
different plaque morphologies produce the same narrowest luminal

diameter but very different degrees of area involvement. In these
instances, further description of plaque morphology and surface
delineation is critical to provide a complete assessment beyond merely
reporting the degree of luminal stenosis

@ Springer
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Table2 AHA classification and AHA-MR based classification from reference 31

AHA classification

Carotid MR-based AHA classification from Cai et al

Type 1 Initial lesion with foam cells

Type I Fatty streak with multiple foam cell layers

Type 111 Pre-atheroma with extracellular lipid pools

Type IV Atheroma with a confluent extracellular lipid core

Type V Fibroatheroma

Type VI Complex plaque with possible surface defect,
hemorrhage, or thrombus

Type VII Calcified plaque

Type VIII Fibrotic plaque without lipid core

Near-normal wall thickness, no calcification

Diffuse intimal thickening or small eccentric plaque
with no calcification

Plaque with a lipid or necrotic core surrounded by
fibrous tissue with possible calcification

Complex plaque with possible surface defect,
hemorrhage, or thrombus

Calcified plaque

Fibrotic plaque without lipid core and with possible
small calcifications

usual sequence of lesion progression: evolving from an initial
type I lesion to eventually type VIII with predominant fibrous
tissue changes within the plaque. This classification was based
on MR and CT imaging studies [31, 32]. Building further on
the AHA scheme, Virmani and colleagues focused on erosion,
rupture, and thinning of the fibrous cap [33]. This has become
the most widely accepted system in use today [34].

MR is the method of choice over CT for advanced carotid
plaque analysis due to improved contrast resolution and supe-
rior tissue component analysis. However, as discussed in the
next section, promising advances in CT building on good spa-
tial resolution, the availability of advanced software tools and
new techniques (e.g., spectral imaging) to extract additional
information, together with improved automation and standard-
ization, have the potential to increase the value of CT in this
field. On CT, we recommend a simplified plaque classification
based on attenuation density (Hounsfield units, HU) with 3
groups: low-attenuated plaques (< 60 HU), mixed plaques
(60 to 130 HU), and calcified plaques (> 130 HU) [35].

Fibrous cap

The fibrous cap (FC) is a layer of fibrous connective tissue on
the intimal surface of an atherosclerotic plaque, which is
thicker and less cellular than the normal intima [36]. FC alter-
ations are considered to be a feature of plaque vulnerability
with FC thinning present in 95% of symptomatic plaques but
also in 48% of asymptomatic plaques (p = 0.003) [37]. The
importance of this parameter, first described with MR in 2000
[38], is confirmed by recent MR [39] and histopathological
studies [40]. Prospective studies demonstrated that, among
other plaque features, a thinning/rupture of the FC as detected
with MR is associated with an increased risk for TIA/stroke
[41, 42]. MR is to date likely the sole imaging technique to
assess this feature non-invasively, with the most accurate
characterization by CE-MR [43].

@ Springer

Plaque composition: calcium

Detection and visualization of carotid artery calcium are pos-
sible with both CT and MR. However, because of the high X-
ray attenuation of calcium [44], CT is considered the reference
standard for quantification and characterization of carotid ar-
tery calcification [45, 46]. Some studies have shown that ca-
rotid plaque calcification is a protective plaque feature associ-
ated with biomechanical plaque stability [47]. By extension,
densely calcified atherosclerotic plaques have been described
as less prone to disruption and are less likely associated with
symptoms than non-calcified carotid plaques of similar size
[47-50]. In a meta-analysis conducted by Kwee in 2010, clin-
ically symptomatic plaques were found to have a lower degree
of calcification than asymptomatic plaques [48]. A recent sys-
tematic review and meta-analysis by Baradaran et al con-
firmed that there is a negative relationship between the amount
of carotid artery calcification and ipsilateral ischemia (odds
ratio [OR] 0.5; 95% confidence interval [CI] 0.4 to 0.7) [51].

However, other authors have suggested that the presence of
calcium within carotid plaques could represent an independent
marker for luminal stenosis and ischemic symptoms [52].
Recent findings indicated that calcified atherosclerotic burden
is a marker of plaque instability [53, 54]. These discrepancies
can be explained by the fact that vessel wall calcification may
occur at different stages and pathways of atherogenesis
[55-57]. Recently, it has been reported that not only the
amount but also the type and chemical composition of calcium
in atheromatous plaques can affect plaque stability [58]. In
particular, a study conducted in 96 patients found that the
“rim sign” (Fig. 3), defined as the presence of an adventitial
calcification (< 2 mm thick) with internal non-calcified plaque
(= 2 mm thickness), had a statistically significant association
with intra-plaque hemorrhage (IPH); prevalence ratio = 11.9,
p <0.001) [59]. In this scenario, adventitial calcifications with
a positive rim sign may represent a marker of high risk.
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Fig. 3 The rim sign illustrated on CT. Fine peripheral semicircular
calcifications can be seen in both internal carotid arteries (arrows) on an
unenhanced CT-scan at the level of the carotid bulb (a). After intravenous
contrast (b and ¢), the plaque composition becomes more defined. The
right internal carotid artery plaque is composed of a fine (< 2 mm
thickness) semicircular adventitial calcification (arrow) and a more
pronounced (> = 2mm thick) non-calcified component (asterisk),
meeting the criteria for a so-called “rim sign.” The left internal carotid
artery has small peripheral calcification of less than 2 mm thickness, but
the non-calcified component is not large enough to qualify this plaque as
a rim sign

Plaque composition: intraplaque hemorrhage

Thirty years ago, the presence of intraplaque hemorrhage
(IPH) was first described in histopathological studies perform-
ed in carotid plaques of symptomatic patients [60—62], sug-
gesting that this feature could be considered a marker of
plaque instability. With the evolution of imaging techniques,
especially MR, the non-invasive detection of blood compo-
nents (with e.g. high signal on T1-weighted images) within a
plaque became possible. In 2003, Moody et al published a
landmark paper showing that it was possible to detect IPH
within carotid plaques using MR [63]. Currently, MR-
detected IPH is considered the lead imaging biomarker of
carotid artery plaque vulnerability (Fig. 4) [64, 65]. It is im-
portant to underline that IPH is also more prevalent in carotid
arteries ipsilateral to embolic strokes of “undetermined
source” [10, 22].

The prevalence of IPH in the carotid arteries in patients
without severe stenosis could be used to reclassify the stan-
dard scheme of causative stroke, including plaques without
severe luminal stenosis as a potential cause of stroke [66]. In
a cohort study of 1190 asymptomatic subjects [67], IPH de-
tected with MR was shown to be a high-risk factor for a sub-
sequent cerebrovascular ischemic event, with a significantly
lower event-free survival rate of patients with IPH p < 0.001).
In a recent individual patient data meta-analysis, including

560 patients with symptomatic and 136 patients with asymp-
tomatic carotid stenosis, the presence of IPH at baseline in-
creased the risk of ipsilateral stroke in both symptomatic (haz-
ard ratio [HR] 10.2; 95% CI 4.6 to 22.5) and asymptomatic
(HR 7.9; 95% CI 1.3 to 47.6) patients. The authors suggested
that IPH could be also detected with CT [68, 69] by consid-
ering the portion of the plaque with an attenuation value of
<25 to 30 HU. However, there is a limited specificity with CT
due to the overlap in attenuation values between IPH, fibrotic,
and lipid components.

Plaque composition: lipid-rich necrotic core

The lipid-rich necrotic core (LRNC) is an important marker of
potential carotid artery plaque vulnerability. The Multi-Ethnic
Study of Atherosclerosis (MESA) showed that LRNC is a pre-
dictor of cardiovascular events and offers better performance
compared to traditional risk factors [70]. Another study of 214
subjects with established cardiovascular disease that were
followed up for 35 months showed that the amount of lipids
in a carotid artery plaque is significantly associated with an
increased global cardiovascular risk (p = 0.002) [71]. Other
studies found similar results [72, 73]. In 2013, a meta-analysis
including nine studies with a total of 779 subjects found that
carotid plaques with a LRNC were associated with an increased
risk of cerebrovascular events (HR 3, 95% CI, 1.51-5.95) [41].

MR is the method of choice for the identification of the
LRNC because of its excellent contrast resolution and feasi-
bility to distinguish the lipid-tissue signal characteristics [74,
75] (Table 3). Some authors have also used CT to identify the
LRNC. De Weert et al suggest using a threshold of < 60 HU to
identify the LRNC [35]. However, it is important to realize
that CT cannot itself confirm the presence of LRNC but can
merely identify low-density areas that could represent LRNC.

Maximum wall thickness and plaque volume

Maximum wall thickness (MWT) identifies the maximum
thickness of the plaque; this parameter is easy to assess and
is a surrogate parameter of the plaque burden. In particular, it
has been demonstrated that MWT is a better predictor of ce-
rebral ischemic events (AUC = 0.93) compared to the classic
degree of stenosis parameter (AUC = 0.81) [76].

Recently, it has become easier to quantify the volume of
carotid artery plaques and plaque sub-components, largely
due to the evolution of quantitative image post-processing
software techniques as well as Al technology (as described
even further under the “Vessel- and luminal surface morphol-
ogy” section). From an algorithmic point of view, this is an
easy step after plaque segmentation, as the volume of plaque
components can be calculated according to attenuation density
on CT or signal thresholds on MR [77-79]. It has been shown
that the volume of plaque is associated with features of

@ Springer
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Fig. 4 A 83-year-old female with
a left-sided stroke and intraplaque
hamorrhage as detected with MR.
A 3D MPRAGE MR image
reveals a high-intensity semi-
circumferential plaque in the left
internal carotid artery (arrow in a,
b), corresponding to intraplaque
hemorrhage. The excellent tissue
contrast resolution of MR makes
it the non-invasive imaging
method of choice for the detection
of blood degradation products in
hemorrhagic plaques. MPRAGE:
magnetization-prepared 180°
radio-frequency pulses and rapid
gradient-echo

vulnerability [80] and that the annual progression of plaque
volume is associated with the occurrence of future cerebrovas-
cular events [79].

Plaque neovascularization

The importance of carotid plaque neovascularization was
demonstrated in a histopathological study published in 2004.
Carotid specimens of 49 patients (22 with symptomatic ath-
erosclerosis and 27 patients with no history of cardiovascular
events) were analyzed. Subjects with symptomatic carotid
plaque had a denser network of vasa vasorum than patients
with asymptomatic disease (33 + 2 versus 25 + 2 adventitial
micro-vessels per 1 mm?; p = 0.008) [81]. In another longitu-
dinal study, there was an inverse relationship between the
micro-vessel density in atherosclerotic lesions and the timing
of ischemic neurological events (OR 4.63, 95% CI 2.95 to
7.28, p < 0.001) [82].

Neovascularization can be analyzed non-invasively by ad-
vanced CT [83] and MR [84] techniques. Currently, it is not
considered part of the standard clinical exam. Dynamic
contrast-enhanced (DCE) MR perfusion has been introduced
as a promising technique for the quantification of plaque vas-
cularity [85] providing reproducible physiological measure-
ments of the vasa-vasorum [86, 87]. Furthermore, plaque neo-
vascularization can be quantified by measuring plaque

Table 3 The signal of the MRI plaque elements

T1 pre T1 post T2 PD TOF
LRNC Iso/high  Low Iso/high  Low Low
Fibrous cap  Iso Iso Mixed  Mixed  Low
Fibrous tissue Iso/high ~ Very high Iso/high Iso/high Low
IPH Very high Variable Variable Variable
Calcification ~ Low Low Low Low Low
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enhancement on post-contrast CT images compared to pre-
contrast CT. Carotid plaque enhancement (CPE) on CT is
associated with the presence of neovascularization and
micro-vessel density [83].

Plaque and peri-carotid fat inflammation

Plaque inflammation is an important parameter related to
plaque atherogenesis and vulnerability involving multiple in-
flammatory cells. Multiple pre-clinical and cross-sectional
pathological studies have demonstrated the relationship be-
tween inflammation and cerebrovascular events. Most imaging
studies performed to define the presence and amount of inflam-
mation within the plaque use nuclear medicine imaging, partic-
ularly positron emission tomography (PET). PET/CT with '*F-
fluorodeoxyglucose (['*FJFDG), an analogue of glucose, can
identify large vessel inflammation as seen on histology [88].
Moreover, ['"*FIFDG PET and ["®F]JFDG PET-CT can distin-
guish between recent culprits and asymptomatic carotid
plaques in patients with atherosclerosis [89]. As demonstrated
in the multi-center randomized BIOVASC trial, '*F-FDG PET-
CT uptake can predict recurrent stroke (AUC 0.80, 95% CI
0.64 to 0.96) [90]. '®*F-sodium fluoride, a marker of calcium
metabolism and necrosis, is also able to identify culprit carotid
plaques and plaques with high-risk features [91]. Beyond glu-
cose metabolism, novel radiotracers targeting pathways involv-
ing leukocyte recruitment to sites of inflammation may offer
increased specificity and concurrently provide additional in-
sight into cardiovascular pathology [92]. For example, prelim-
inary trials report promising results focusing on radio-
compounds targeting amino acid metabolisms such as ''C-
Methionine [93], chemokine receptors (e.g., CXCR4) with
®8Ga-Pentixafor [94], somatostatin receptors like *8Ga-
DOTATATE [95], mitochondrial translocator protein [96],
and integrin activity like '®F-Galacto-RGD [97]. The
envisioned wider clinical use of such PET tracers is expected
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Fig.5 Different forms of vascular
remodeling are shown. The
relation between the presence of
atherosclerotic plaque and its
effect on the vessel lumen may
significantly vary depending on
the accompanying remodeling.
As such, even in the presence of
significant plaque formation, the
repercussion on luminal diameter
may be less severe. Illustration
modified from reference 105

Lumen (+

+atheroma ‘

Inward remodeling

to provide important mechanistic information on the composi-
tion and biological activity of these plaques.

Of note, combining these tracers with MR, in PET/MR im-
aging, may provide further information on carotid plaque vul-
nerability [98]. MR is also able to track the presence of inflam-
matory processes in carotid plaques through the use of ultra-
small superparamagnetic iron oxide contrast (USPIO)-labelled
macrophages [99, 100]. CT can provide information on inflam-
mation by quantifying perivascular fat density (PFD) as has
already been shown for the coronary arteries [101]. Baradaran
et al [102] found that symptomatic patients had higher mean
peri-carotid fat density compared with asymptomatic patients
(=66.2 + 19.2 HU versus —77.1 + 20.4 HU, p value = 0.009).
Notably, when comparing non-stenotic ICAs, there was no sig-
nificant difference between peri-carotid fat density in symptom-
atic compared with asymptomatic patients (—81.0 + 13.3 HU
versus —85.3 £ 18.0 HU: p value = 0.198). The authors sug-
gested that inflammation associated with vulnerable carotid
plaques extends beyond the vessel lumen. Another study found
that contrast plaque enhancement and PFD are related and that
the correlation is stronger for symptomatic patients compared to
asymptomatic patients [103].

Nevertheless, despite the mentioned promising advances,
these PET-, MR-, and CT techniques are currently limited to
research settings rather than clinical practice.

Arterial remodeling

Spatial variation in atherosclerotic plaque can be observed on
imaging. The term “arterial remodeling” was first introduced by

=) Vessel

iy

Overcompensation (aneurysm)

Perfect outward

Incomplete outward

Glagov [104] for the coronary arteries. Arterial remodeling re-
fers to a change in vessel size (cross-sectional area) in reaction
to atherosclerotic changes. It is possible to distinguish among
different types of arterial remodeling [ 105] (Fig. 5 and Table 4):
(@) “inward” (negative) remodeling that denotes a reduction in
vessel size; (b) “outward” (positive) remodeling that denotes an
increase in vessel size; (c) “concentric’” remodeling that denotes
a harmonic distribution of the plaque over 360°; and (d) “ec-
centric” remodeling that denotes an abnormal distribution of the
plaque in one or more quadrants of the plaque.

When the outward remodeling is present but insufficient to
prevent luminal stenosis, it is referred to as “inadequate out-
ward remodeling.” The authors studied the remodeling in the
carotid arteries of 108 patients [106] and found that remodel-
ing (measured with the plaque remodeling ratio) was signifi-
cantly higher in symptomatic (1.64 = 0.44) compared to
asymptomatic patients (1.41 + 0.5, p < 0.05). Similarly, an-
other group [107] investigated 512 internal carotid arteries in

Table4 Often-used synonyms for change in vessel size, from reference
105

Carotid plaque remodeling - terminology

Increase in size Decrease in size

Outward remodeling Inward remodeling
Compensatory enlargement (Paradoxical) shrinkage
Positive remodeling Negative remodeling
Expansive remodeling Constrictive remodeling

Glagovian remodeling Antiglagovian remodeling

@ Springer
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Fig. 6 Eccentricity index (EI), reflecting the grade of eccentric
positioning of the lumen within the cross-sectional area of the vessel. In
a patient with 70% area carotid stenosis, eccentric plaque is reportedly

441 patients (introducing the eccentricity index) and found
that eccentric plaque was associated with a significantly in-
creased ipsilateral cerebrovascular event rate compared with
patients with concentric stenosis (Fig. 6). The eccentricity
increases the biomechanical stress to the plaque by determin-
ing an increased vulnerability [108] and it was found that it is
associated with an increased prevalence of IPH [109].
Initially, positive remodeling was believed to be a protective
phenomenon [110], but newer pieces of evidence have dem-
onstrated that it should be considered a parameter of vulnera-
bility [111].

Vessel- and luminal surface morphology

Vessel morphology can be classified according to the modified
criteria of Weibel-Fields and Metz [112—114], which describe
the course as tortuous (elongated), kinked (mild, moderate,
severe), or coiled when applicable (Table 5). This abnormal
morphology can be found in all segments of the common
carotid artery (CCA) and ICA (Fig. 7) [115, 116]. The vessel
course should be reported since altered vessel tortuosity, in
particular, kinking (but not coiling), has shown to be possibly
involved in the occurrence of ischemic stroke [116].

@ Springer

Eccentricity Index (El) = (A-B)/A

associated with a significantly increased incidence of ipsilateral
cerebrovascular events compared with patients with concentric stenosis

Luminal surface morphology concerns the plaque surface,
where the presence of contour irregularities has been shown to
significantly contribute to the development of ischemic neu-
rological symptoms due to plaque fragmentation and
microthrombi formation (Fig. 8) [117]. Similarly, both
NASCET and ECST trials demonstrated the association be-
tween plaque luminal surface irregularities and future stroke
[118, 119]. However, plaque surface evaluation was previous-
ly not included in risk evaluation and consecutive treatment
decisions.

Table 5 Tortuosity classification, modified from reference 112

Modified criteria of Weibel-Fields and Metz

Tortuosity S- or C- shaped elongation or undulation

Mild kinking Acute angulation with an angle between the two
segments forming the kink measured > 60 °

Moderate kinking Acute angulation with an angle between the two

segments _forming the kink measured 30-60°

Severe kinking Acute angulation with an angle between the two

segments _forming the kink measured < 30 °
Coiling Elongation or redundancy resulting in an
exaggerated S-shaped curve or a circular

configuration.




European Radiology (2023) 33:1063-1087

1073

Fig. 7 MR angiography examination showing severe kinking and coiling
ofthe common and internal carotid arteries as well as the vertebral arteries
in a child with Loeys-Dietz syndrome

Ulceration is the most important parameter among the pos-
sible luminal surface irregularities, given its strong association
with cerebrovascular events [120]. However, the exact asso-
ciation between the presence of ulceration and future

occurrence of cerebrovascular events is debated, since ulcer-
ation could also be considered as a marker of previous plaque
rupture rather than the cause of an acute ipsilateral stroke/
transient ischemic attack (TIA) [121, 122]. Ulcerations can
be evaluated using both CT and MR with varying levels of
diagnostic accuracy depending on the used technique [123].
Using CT, the sensitivity is 94% [123], whereas with MR,
there is a significant variation depending on the used se-
quences. In particular, contrast-enhanced MR (CE-MR) de-
tects over one-third more ulcers than non-contrast MR
(moving from 55 to 93% sensitivity) (Fig. 9) [124].

Section lll: image acquisition
ESCR Consensus Statement IV

Both MR and CT are equally suitable for carotid imaging, with
both their own strengths and weaknesses. In practice, the choice
of imaging modality will depend on local expertise and prefer-
ence, the required information, the pre-test probability of signif-
icant disease, potential contraindications for a specific modality
and the availability of imaging equipment. In general, CT pro-
vides a vast amount of information on luminal stenosis and the
underlying plaque in one short examination, is readily available
and does not require advanced technical skills. Therefore, it can
be recommended as the initial choice in a symptomatic patient
being evaluated for carotid artery disease.

In this section, we provide consensus guidelines for an
optimized approach to the carotid arteries by means of CT
and MR, keeping in mind that protocols will vary according
to the CT and MR scanner technology available. Therefore,
consensus proposals are made considering application across

Fig. 8 Several possible plaque surface morphologies are illustrated on
contrast-enhanced CT examinations. Panel a reveals a non-calcified
plaque (asterisk) in the internal carotid artery with a completely smooth
surface. The second example shows scattered small calcified and non-
calcified plaques leading to discrete wall irregularities. A large mixed

plaque is shown in panel ¢, leading to not only severe luminal
narrowing but also additional proximal ulceration (arrow). Finally,
panel d shows a large non-calcified plaque with a large ulceration
(asterisk) and only moderate luminal narrowing

@ Springer
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Fig. 9 Contrast-enhanced MRA in a 74-year-old man with suspicion of
carotid stenosis. An eccentric plaque (arrowheads) can be seen on the
transition from the common to the internal carotid artery, with a severe
ostial luminal narrowing. The smooth surface of this plaque is interrupted
by a small ulceration (arrow)

a broad spectrum of scanner manufacturers and do not require
specialized software or research applications for clinical im-
plementation [125].

A modern carotid imaging study should be able to provide
information on the following topics:

1. Comprehensive anatomical and morphological assess-
ment of the vessels

2. Presence and quantification of the degree of stenosis

3. Assessment of luminal surface morphology

4. Characterization of the plaque composition (variable in-
formation according to the use of the CT or MR)

5. Other parameters, despite not being mandatory according
to the current level of evidence, should be incorporated
when possible.

T

A basic guideline for a CT-scan protocol is given in Table 6.

@ Springer

Technical parameters

An isotropic voxel size of < 0.6 mm is mandatory [126, 127].
This is not only necessary for accurate visualization of the
lumen and potential stenosis, but also for high-resolution
plaque evaluation and its different components. All modern
CT equipment can meet this requirement without difficulty.
Tube current mA settings are usually modulated according to
the anatomy, with a general value between 300 and 350 mA
commonly applied for most patients [128]. Caution must be
taken with some CT scan models, as higher values may result
in the scanner using a larger focus, resulting in less spatial
resolution for the chosen field of view.

Tube voltage is a key parameter that influences attenuation
values. As such, using different kV values will result in dif-
ferent attenuation values of the same tissue. Therefore, the
same tube voltage should be used or settings that guarantee
optimal reproducibility [128]. The 120-kV tube voltage set-
ting is widely used in the literature with the best results in
terms of SNR for consistent tissue assessment compared with
other settings. The use of lower kV values would, on one
hand, improve the attenuation of the opacified lumen but con-
versely slightly reduce the visualization of periluminal tissues
on the other hand. Nevertheless, when no plaque component
measurements are required (e.g., follow-up examinations),
and depending on the clinical context, lower kV settings and
application of modern noise reduction mechanisms (e.g., iter-
ative reconstruction techniques) can be successfully applied,
delivering good diagnostic performance at lower radiation ex-
posure levels [129-131].

For routine evaluation, a standard soft-tissue-centered re-
construction kernel is typically used, the specifics of which
vary among manufacturers and CT models. These kernels
offer a good starting point delivering a balanced image repro-
duction of different calcified- and non-calcified tissue compo-
nents with good SNR levels. On occasion, a sharper kernel
can be applied when evaluating heavily calcified plaques, de-
livering a better delineation of the calcifications against the
contrast-enhanced vessel lumen. However, this often comes
at the expense of an increase in image noise; therefore, it is not
recommended to routinely apply sharper kernels in all pa-
tients. Image noise can be countered by iterative reconstruc-
tion techniques, which can also affect image characteristics in
different ways. Users can combine all these different options
into specific programs tailored to their tastes.

It is important to underline that the evaluation of athero-
sclerotic arterial plaque characteristics is currently based on
qualitative biomarkers. However, the reproducibility of such
findings is suboptimal as attenuation values are influenced by
multiple factors (from the kV to the body mass index of the
patients) [132]. Therefore, standardization across different
manufacturers with cross-calibration is required to establish
a quantitative evaluation of carotid CT. In this scenario, the
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Table 6 CT-scan protocol. Suggested scan parameters and general guidelines are given

CT scan protocol—parameters
Feature

Coverage
Scan mode
Scan direction

Start of acquisition
Collimation
Pitch

kV

mA
FOV
Filter

Value
Aortic arch to Circle of Willis

Helical (may vary on scanner type)
Caudo-cranial

Bolus tracking on the aortic arch
0.6 x 64 (or better)

Depending on the scanner type,

typically < 1
120

350
200 mm, centered on cervical arteries
Medium to sharp

Additional comments

Always evaluate degree of atherosclerosis and morphology
of the aortic arch and potential variants of the circle of Willis

Protocol must be adjusted according to manufacturer guidelines
(singe vs dual-source systems)

Not commonly used, small anatomic coverage, to be considered
when intravenous contrast is contraindicated

Local experiences may vary
Depends on the scanner detector configuration

100 kV is not recommended for examinations, as kV influences
plaque attenuation values.

Anatomy-based modulation may be used
A well-centered FOV may improve resolution and lower dose
Local experience may vary; Visual effect of filter may be

Slice thickness
3 mm for reading data set

Reconstruction interval
secondary raw data set

CT-scan protocol—general guidelines

Patient preparation

IV access

Gadolinium-contrast concentration > = 300 mg iodine/mL
Contrast volume
Injection rate / saline flush > =4 mL/s; 50 cc saline flush

Evaluation of neovascularization
identical scan parameters

Post-processing

<=1 mm for secondary raw data set,

50 % of chosen slice thickness for the

A non-enhanced scan is necessary,

influenced by chosen iterative reconstruction techniques and
other
noise-reductions algorithms

Secondary raw data set is used for detail reviewing and
post-processing

No overlap is necessary for the reading of 3 mm datasets

Check for usual CT-related contra-indications

Antecubital vein (right arm preferred)

30-50 mL depending on body weight

Review of axial unprocessed images

Curved-MPR images along a complete trajectory

VR-images for complex/tortuous anatomy

Reporting

Structured reporting recommended

Quantitative Imaging Biomarker Alliance (QIBA) profile is
trying to identify standard imaging parameters and charac-
teristics. A white paper on this area is forthcoming.

Anatomic coverage

Coverage is required from the aortic arch to the circle
of Willis. It is fundamental to include the entire aortic
arch to exclude the presence of atherosclerotic and po-
tentially embolic thrombus (mandatory assessment in
stroke patients) and for the assessment of arch anatomy
(mandatory for carotid stenting procedures). The paten-
cy of the origins of all cervical arteries must also be
properly checked.

Contrast injection protocol

A CT study of the carotid arteries should be accurately timed
to be executed in the arterial phase. This is important, as a
good contrast between lumen, surrounding plaque, and soft
tissue is essential for an adequate evaluation. The contrast
material should be administered, pre-heated at 37° C, with
an iodine-delivery rate (IDR) of 1400-2000 mg/s and a rec-
ommended concentration of > 300 mg/mL iodine content. A
bolus-triggering technique to accurately visualize the contrast
arrival at the level of the aortic arch for optimal timing is
recommended. The total contrast volume usually varies be-
tween 30 and 50 mL, function of the iodine concentration,
scanner technology, required density, and—if possible—the
left ventricular ejection fraction. The patient should be in a
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supine position with his/her arms along the body.
Additionally, patients should also be instructed not to breathe
and not to swallow during the examination. It is beneficial to
instruct the patients about this prior to the start. Contrast ad-
ministration should be performed via an 18-20-gauge intrave-
nous catheter inserted into the antecubital vein.

For assessment of carotid plaque neovascularization, a bi-
phasic approach (unenhanced scan followed by CT angiogra-
phy) is required. In this case, energy levels (tube voltage (kV)
and tube current (mAs)) should be identical to be able to
accurately compare differences in attenuation values.
However, this approach leads to increased radiation exposure
for the patient. This can be partially countered by limiting the
range of the unenhanced scan to the expected carotid bifurca-
tion level. Nevertheless, identification of the correct scan area
remains challenging, especially in patients with anatomical
variations (e.g., high carotid bifurcation).

The use of dual-energy/spectral CT imaging may provide
additional information to conventional CT [133], delivering
virtual iodine maps and virtual unenhanced scans from a sin-
gle contrast-enhanced acquisition [134], as such alleviating
the need for extra radiation exposure. However, dual-energy
/ spectral CT techniques have other challenges which are be-
yond the scope of this paper.

Post-processing

Multiplanar review of all unprocessed native image sets re-
mains the starting point for each evaluation. For further pro-
cessing, we recommend a post-processing workflow set in-
cluding maximum intensity projections (MIP) and curved
multiplanar reformations (CMPR). CMPR are to be used for
the selection of the point of maximum stenosis and for the
identification of the denominator for the NASCET/ECST as-
sessment. However, the correct position of the centerline in
the lumen must always be checked, as an asymmetric location
outside the center of the vessel will lead to wrongly
reformatted images and consequently potential evaluation er-
rors (Fig. 10). Therefore, caution is always required when
interpreting CMPR-images, especially in complex anatomical
situations with tortuous branches. MIP images are used for
anatomy assessment, especially useful in MR (Fig. 11). In
some cases, in order to better illustrate the anatomical relation-
ship between arteries and other tissues, the use of volume
rendering (VR) images could be considered (e.g., Eagle syn-
drome). The stenosis degree should be quantified in CMPR
views.

MR

A basic guideline for a MR scan protocol is given in Table 7.

@ Springer

Technical parameters

As with CT, the fundamental requirements of a MR protocol
include the following: (a) isotropic voxel size < 1 mm with
ideally 0.5 mm in-plane resolution; (b) optimal blood suppres-
sion in plaque burden visualization sequences; and (c) ade-
quate SNR in all sequences for reliable evaluation. The MR
protocol may consider either 2D or 3D or a combination of
sequences that meet the minimum requirements set forth
above. 3D sequences are preferred as they can detect plaques
extending beyond the 4-cm coverage centered on the bifurca-
tion. Although it is known that adequate image quality can be
obtained with 1.5T [135], the use of high-field strength 3T
scanners and dedicated carotid coils is recommended for im-
proved signal-to-noise ratio (SNR).

Anatomic coverage

The longitudinal coverage is two-fold: 3—4 cm centered on the
carotid bifurcation for plaque analysis (MR) and from the
aortic arch to the circle of Willis for the overall assessment
of supra-aortic vessels (MRA).

Contrast injection protocol

Examinations can be performed with or without the adminis-
tration of contrast material. In the absence of contraindications
for Gadolinium-based contrast agents, contrast-enhanced MR
is recommended for the detection and quantification of
LRNC, the delineation of the fibrous cap, and neovasculari-
zation assessment. Contrast material also increases MR sensi-
tivity for the detection of ulcerations. Finally, contrast-
enhanced MR angiograms provide an overview of the ana-
tomical situation and DSA-like images.

Similar to CT, contrast injection is preferably performed
through an antecubital vein. However, contrast injection rates
can be lower than their CT counterparts, with excellent results
achievable with a 1-2 mL/s injection speed adapted to body
habitus. The use of higher Gadolinium concentrations is rec-
ommended (1.0 mmol/mL as they improve SNR for the same
contrast volume compared with agents with lower concentra-
tions or achieve the same SNR at half the volume.

MR protocols suitable for 2D/3D approaches, with or with-
out intravenous contrast enhancement, can be found in
Table 7.

Plaque composition

2D multi-contrast MR protocols consisting of T1-, T2-, PD-
weighted black-blood imaging, and time-of-flight angiogra-
phy (TOF) are the standard clinical tool for plaque character-
ization [136]. However, accurate measurement of plaque mor-
phology requires high isotropic resolution in all three spatial
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Fig. 10 The c-MPR-technique and the importance of an adequately
positioned centerline. A c-MPR image of the carotid bulb is shown (a,
b). The original centerline (green) must be checked in all angles. While it
nicely follows the center of the lumen in a frontal view (b), it deviates
from it in a sagittal view (a), most notably on the transition from the

directions. In the current 2D MR protocols, the slice resolution
is limited compared with in-plane resolution (2 to 3 mm vs.
0.6 to 0.7 mm). For this reason, the use of 3D MR protocols is
recommended.

MR imaging of the carotid arteries should offer information
on both the lumen morphology of the vessel and the morphol-
ogy of the underlying plaque. MR contrast between different
tissues is mainly caused by their different proton density (PD)
or relaxation time constants [137] and thus allows to distin-
guish between different tissues within the plaque according to
their signal intensities (Table 3). A study demonstrated that
the highest correlation for IPH area with histologic findings
was obtained with magnetization-prepared rapid gradient-
echo imaging (tho value = 0.813), followed by time-of-flight
(rho value = 0.745) and fast spin-echo (rho value = 0.497)
imaging [138]. Three-dimensional magnetization-prepared
rapid gradient echo has recently been recommended as the

Fig. 11 Contrast-enhanced
gradient echo T1-weighted MR
angiography of the cervical
arteries. Conversely to CT
angiography, MIP-images in MR
angiography provide direct
visualization of the whole
trajectory of the carotid- and
cervical arteries without bone- or
other soft tissue superposition (a).
This allows excellent
visualization of segments which
are near bones at the base of the
neck, such as the origin of the
vertebral arteries (b). MIP,
maximum intensity projection

common carotid artery to the internal carotid artery and more distally in
the carotid bulb. As such, it produces in the resulting cross-sectional
image an eccentrically positioned lumen (c), which can lead to wrong
conclusions. Manual correction (red dotted line in a) is necessary to avoid
interpretation mistakes

sequence of choice for detecting IPH [125] and three-
dimensional magnetization-prepared rapid gradient-echo im-
aging might improve the detection of small IPHs [139]. Other
plaque features associated with an increased risk that should
be identified in a MR exam are the presence of a large LRNC,
a thin or ruptured fibrous cap and the plaque burden or plaque
volume (Table 8).

Blood suppression

Blood suppression is a key feature for optimal image quality
in MR of the carotid arteries, as adequate suppression of the
bright signal from blood in the vessel lumen is required to
prevent ghosting of blood signal into the artery wall and par-
tial volume contamination [137]. It has been reported that the
use of local transmission coils limits the efficient suppression
of inflowing blood. To counter this, it has been suggested to

N\
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Table 8 Overview of different plaque components, their clinical significance, and preferred imaging modality

Characteristics of different plaque components

Plaque feature Pathophysiological impact Feature of plaque Preferred imaging Reported in

vulnerability modality clinical practice

Fibrous cap Thinning of the fibrous cap increases the risk
of plaque rupture

Calcifications

of calcium in atheromatous plaques can
potentially increase plaque vulnerability

Intraplaque hemorrhage =~ Most important imaging biomarker for plaque

While overall considered a sign of plaque stability,
conversely the type and chemical composition

++ MR No

- (but debated) CT Yes

+++ MR

instability. It is independent of stenosis severity,

associated with acute events, and also with an

increased risk for ipsilateral future ischemic

events in both symptomatic and asymptomatic

subjects.

Lipid-rich necrotic core  An increased amount of intraplaque lipid is

associated with elevated cerebrovascular risk.
Maximum plaque thickness (measured in mm)

Maximum wall thickness
is a predictor of cerebral ischemic events

Larger volume is associated with increased
vulnerability and occurrence of future
cerebrovascular events

Plaque volume

Plaque neovascularization

symptomatic disease

Plaque- and perivascular
fat inflammation
Plaque remodeling

Inadequate outward (positive) eccentric
remodeling is associated with symptomatic

Denser vasa vasorum network is associated with
Inflammation is associated with cerebrovascular events

Remodeling refers to cross-sectional vessel area
changes in reaction to atherosclerotic changes.

++ MR Yes

+ CT/MR Research setting

+ CT > MR Research setting

+ CT/MR Research setting

- ['SFJFDG PET-CT /MR Research setting

++ CT/MR Yes

disease and increased ipsilateral cerebrovascular events.

extend the coverage of the radiofrequency transmission coils
to ensure efficient black-blood imaging with good wall/lumen
definition.

Blood flow suppression and motion artifacts secondary to
long scan times are challenging for 3D black-blood carotid
MR implementations. Traditional black-blood preparations
such as inflow suppression and double inversion recovery
developed for 2D MRI do not provide adequate flow suppres-
sion for 3D MRI. To ensure effective blood suppression to
accurately identify plaque lumen boundaries, MSDE/FSD
flow suppression [140] is required for 3D SPACE/CUBE/
VISTA and after the injection of contrast material, the use of
MSDE or DIR/QIR flow suppression is suggested [141, 142].

Based on current evidence and guidelines, we recommend
TI of 250 ms for 3-T scanners for a TR triggered at I RR
interval, with a good flow suppression beginning 5 min after
injection [125].

Advances in artificial intelligence
Arttificial intelligence, and machine learning (ML) in particu-

lar, has a growing impact on the field of biomedical imaging
[143] (Fig. 12). The contributions of ML in the context of

carotid artery disease can be assigned to four broader catego-
ries. First, carotid artery segmentation [144—147], which is
the basis for many secondary analyses, provides potential for
more comprehensive analyses of vessel anatomy and pathol-
ogy. For example, Tsakanikas et al proposed a U-net model to
produce a 3D meshed model of the carotid bifurcation and
branches using multispectral MR image series and reported
an accuracy of 99.1% for lumen area [144]. The second is the
carotid plaque detection and segmentation [148, 149]. Biswas
et al applied a two-stage deep learning (DL) model to detect
plaques and among others measure total plaque area [148]. In
general, ML algorithms of this category can help radiologists
to reduce the number of missed findings and to provide more
detailed evaluations to referring physicians (e.g., area and vol-
ume measurements instead of diameters). The third is carotid
plaque characterization [150—152]. Skandha et al developed
multiple DL/ML approaches to classify symptomatic and
asymptomatic carotid plaques [151]. The fourth is prediction
of plaque rupture or patient risk [148, 150, 153]. Araki et al
used texture features derived from carotid walls as input to a
ML model to stratify patients according to their risk for a
stroke [154]. These models can utilize the full information
contained in imaging data.

@ Springer
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Fig. 12 Contemporary post-processing examples of stenosis and plaque
analysis software applications. A severe internal carotid artery stenosis is
shown on a c-MPR image (a) obtained through automated tracking
software along the trajectory of this vessel. Subsequent analysis using
Al-driven software tools reveals an area stenosis of 85%. Area stenosis
measurements on CT images are difficult to implement in routine practice
due to often necessary manual corrections, increasing post-processing
time. Al tools may, as in this example, improve analysis time while

Integration of Al solutions into clinical workflows remains
however challenging. Currently, quantitative plaque analysis
CT software, while available, is not yet used in clinical prac-
tice as they prove to be often time-consuming, impacted by
e.g. reconstruction parameters. Also, they are not clinically
validated, often lacking robust evidence that they could offer
a significant impact in terms of risk stratification. For the
moment, the development of Al applications in the field of
biomedical imaging is highly dynamic. Over time, Al tools
will potentially improve in accuracy and reduce analysis time,
leading the way for the more routine use of quantitative plaque
analysis in future clinical practice.

Choice of modality: CT or MR?

Both CT and MR can provide a complete overview of the full
vasculature from the aortic arch to the circle of Willis, a dis-
tinct advantage compared to duplex ultrasound. Sensitivity
and specificity for the detection of high-grade carotid stenosis
are high for both modalities. The main advantages of MR are
the lack of blooming artifacts caused by extensive calcifica-
tions, the ability to analyze vessel wall components and char-
acterize plaques in detail, as well as the lack of radiation ex-
posure. Disadvantages of MR include the use of gadolinium
contrast agents, the examination duration, and contraindica-
tions to MR in certain patients.

The main advantages of CT are defined by the high spatial
resolution, direct visualization of both luminal stenosis and
carotid plaque with calcifications, fast acquisition, and broad
availability including the widely accepted use f CTA of the
head and neck vessels in the acute stroke work-up.
Furthermore, CT has shown an exciting innovation, and

@ Springer

delivering more accurate results. Further analysis using color-coding of
different plaque components in two views (b, ¢) reveals that while the
plaque is mainly composed of non-calcified components (purple), there
are some scattered plaque calcifications (yellow). Note also the very good
delineation of the lumen (green) vs the surrounding plaque (purple), a
result obtained through an Al algorithm delivering more accurate results
than previously possible

next-generation scanners might provide even more in-depth
information about plaque components. Disadvantages of CT
include radiation exposure and the need for iodine contrast
media which limits usability in patients with severely im-
paired renal function.

Previous interventions in neighboring anatomy like ortho-
dontic prosthetics can on occasion hamper visualization of the
carotid arteries. The extend of the generated artifacts varies
with the location, type, and amount of the material used. Some
manufacturers have developed proprietary solutions to reduce
these artifacts on CT, while in general other more widely
available novel reconstruction methods like iterative recon-
struction can also help in reducing image quality degradation
[155]. On MR, the generated artifacts vary with the chosen
sequences. As a general rule, GE-sequences intravoxel
dephasing artifacts can be reduced by decreasing voxel size
and shortening echo time. A well-chosen and aligned field-of-
view can also help in decreasing artifacts from previous dental
work.

Discussion and conclusion

An optimal imaging strategy for the characterization of the
pathology of the carotid arteries, with special emphasis on
atherosclerotic disease, is crucial given the different therapeu-
tical approaches available (drug therapy, carotid endarterecto-
my, carotid artery stenting). In the past, most therapeutical
decisions were based on the degree of stenosis and the pres-
ence of plaque surface irregularities. Today, thanks to the
improved knowledge of the pathology and biology of athero-
sclerosis as well as improvements in imaging techniques,



European Radiology (2023) 33:1063-1087

1081

more information can be obtained and should consequently be
offered in the routine clinical report.

Therefore, this writing group has explored the scenario and
emerging role of CT and MR imaging as the most used ad-
vanced imaging modalities approach [20]. We are aware that
other imaging techniques such as duplex ultrasound and nu-
clear medicine also play a role in the imaging of carotid arter-
ies. It was decided not to include ultrasound because of its
already well-defined role as a first-line approach with exten-
sive and dedicated literature covering technical aspects and
reporting. Nuclear medicine techniques were not included in
detail because of their current, limited, application in clinical
practice.

This consensus statement aimed to provide an in-
depth overview of established and emerging imaging-
derived biomarkers, to better describe carotid artery dis-
eases as well as to predict the individual risk of ische-
mic stroke. Despite the existing evidence about most of
these parameters, the current clinical treatment decision
guidelines do not take advantage of this knowledge,
whereas it is the belief of this writing group that a
comprehensive summary of existing parameters is need-
ed. This statement presents the actual standard of prac-
tice in carotid artery imaging and provides guidelines
for both standardized image acquisitions and for stan-
dardized reporting. Given the fast-evolving technique,
especially in modern CT techniques, an update will be
published within the next 5 years.
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