Access this article online

Quick Response Code:

Website:
http://www.braincirculation.org

DOI:
10.4103/bc.bc_65_19

'Department of Cardiology,
Royal Victoria Hospital,
Belfast, UK, 2Department
of Cardiology, Toronto
General Hospital,

Toronto, Canada

Address for
correspondence:

Dr. Mohammad Alkhalil,
Department of Cardiology,
Toronto General Hospital,
200 Elizabeth Street,
Toronto, M5G 2C4,
Canada.

E-mail: mak-83@hotmail.
com

Submission: 19-12-2019
Revised: 24-02-2020
Accepted: 25-03-2020
Published: 26-06-2020

Review Article

A promising tool to tackle the risk
of cerebral vascular disease, the
emergence of novel carotid wall
imaging

Mohammad Alkhalil'?

Abstract:

Stroke is a heterogeneous vascular disease. Carotid artery atherosclerosis is associated with almost
one-quarter of ischemic strokes. Moreover, a large percentage of preventable strokes are currently
attributed to carotid atherosclerosis. Over the past three decades, the management of carotid artery
disease has evolved. The benefits of carotid revascularization alongside medical therapy have
early been recognized. Nonetheless, the debate regarding the optimal strategy is still ongoing,
particularly in patients with asymptomatic carotid artery disease. One of the challenges is the use of
luminal stenosis to quantify the severity of the carotid artery disease and to guide decision-making
regarding invasive revascularization. Characterizing carotid atherosclerotic plaque is a promising tool
to identify vulnerable plaque. Certain features such as large lipid core have already been linked to
acute vascular events, not only at the plaque level but also to predict systemic cardiovascular events.
Recently, a quantitative T2 mapping magnetic resonance imaging technique was developed and
validated against histology. The ability to accurately quantify plaque lipid content using this technique
opens several new opportunities. In this review articles, we will discuss the current challenges in
the management of carotid artery disease and the future roles of T2 mapping to aid therapeutic
options. These roles may include how to determine the mode of invasive carotid revascularization
in symptomatic patients. Moreover, there may be a rational to use T2 mapping as a risk stratification
tool in asymptomatic patients with carotid artery stenosis. It may also provide an opportunity to stage
atherosclerosis and identify patients with coronary atherosclerosis who may benefit maximally from
intensive lipid interventions.
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Introduction

troke is a prevalent vascular condition

and is one of the leading causes of death,
dementia, and chronic disability.l"! The
prevalence of stroke is almost 3% of adult
population, with six of seven strokes are
of ischemic nature.? Over the past three
decades, substantial advances have been
made in managing stroke; nevertheless,
there is remaining a significant proportion
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of strokes that are considered preventable.®!
A large percentage of these preventable
strokes are attributed to carotid artery
stenosis (CAS). In fact, almost one-quarter
of ischemic strokes are caused by carotid
artery atherosclerosis.*! Moreover, CAS
is associated with a higher risk of early
recurrent ischemic events when compared
with other stroke etiologies.?!

The management of CAS has evolved
over the past 30 years. Educating patients
regarding stroke symptoms and the
importance of timely seeking medical
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attention is the first step in modifying stroke risk.!!
Moreover, the current guidelines recommend regular
exercise combined with healthy diet and weight control
to mitigate stroke risk.”! Better control of traditional
risk factors such hypertension, diabetes, and smoking
has been associated with a significant reduction in
mortality associated with stroke.l'® Furthermore,
the essential role of platelets in the pathogenesis of
atherosclerosis was early recognized and was targeted
using aspirin.”! Nonetheless, the combination of dual
antiplatelet did not manifest in incremental benefits but
led to an increased in bleeding risk.['! Finally, targeting
lipoprotein-related risk, in particularly low-density
lipoprotein cholesterol (LDL-c), using statin has been
associated with carotid atherosclerosis regression.!"1!
This was translated into reduction of the incidence of
strokes and cardiovascular events, with recent data
suggesting better outcomes with more aggressive
control of LDL-c (<70 mg/dl).'*!l Moreover, nonstatin
drugs, such as niacin, were shown to cause a significant
reduction in carotid atherosclerosis over 1 year.!"

The role of revascularization in the management of CAS
was early established. Both the European Carotid Surgery
Trial and the North American Symptomatic Carotid
Endarterectomy Trial reported the efficacy of surgical
revascularization in reducing stroke risk in patients with
CAS .7 Similarly, carotid artery stenting was shown to
be a noninferior option to carotid endarterectomy (CEA)
in the Carotid Revascularization Endarterectomy
versus Stenting Trial (CREST).!"¥! Nonetheless, the
precise management of CAS remains controversial, in
particularly in patients with asymptomatic CAS.!"%]

The recent development of novel imaging tools provided
an opportunity to help in the management of CAS.1*?%21

T2 mapping is a magnetic resonance imaging (MRI)
technique which has the potential to guide clinicians
to more rational treatments for patients with carotid
atherosclerosis.”® In this article, we will discuss the need
for imaging tools to assist with the management of CAS
and the promising role of T2 mapping in the spectrum
of carotid disease.

Current Challenges in the Management of
Carotid Disease

There is a wide consensus supporting the clinical benefits
of carotid revascularization in symptomatic patients with
CAS 71617241 This was derived from three large randomized
control trials that investigated the incremental benefits of
CEA additional to medical therapy in the management of
symptomatic CAS [Table 1].1¢772l Importantly, luminal
stenosis, quantified using ultrasound duplex, was related
to the magnitude of the exerted clinical benefits by
CEA in these trials.”®! A substantial reduction in stroke
risk was established in patients with CAS >70%, while
surgical revascularization did not produce significant
clinical benefits in individuals with CAS <50%."1¢1724]
Patients with “moderate” CAS (i.e., 50%-70%) had
demonstrated clinical benefits which was marginally
offset by the periprocedural stroke risk. Notably, the rate
of periprocedural stroke and death has declined over time
from 7% to 2% between 2000 and 2008.™! Such reduction
highlights the modifiable nature of periprocedural
risk and the importance of factoring procedural risk
and surgical experience in decision-making in this
subgroup.”*

The decision in the management of asymptomatic CAS
is even more challenging."”! The evidence of carotid
revascularization in asymptomatic CAS was driven by

Table 1: Incidence of stroke across major studies of symptomatic and asymptomatic carotid artery stenosis

comparing carotid revascularization and medical therapy

Study name Clinical presentation Luminal stenosis Number of Medical treatment Carotid revascularisation = NNT
(%) patients (%) (%)
ACASI?8 Asymptomatic >60 1659 6.2* 4* 45
ACST?" Asymptomatic >60 3120 6.7 1.9 21
<80 1284 7 1.4 18
>80 1836 6.5 2.3 24
ECST! Symptomatic 0-100 3018 17.8 17.4 250
<50 1070 12 18.4 -
50-69 959 15.6 17.9 43
=70 989 26.4 16 10
NASCET! Symptomatic <70 2226 32.6 29.6 33
<50 1368 26.2 25.7 200
50-69 858 32.3 23.9 12
VA cooperativel®  Symptomatic 0-100 444 24.5 12.8 9
50-691 58 6.7 7.1* -
>70" 129 25.6 7.9* 6

*Including death, TEarly report of results stratified according to luminal stenosis. ACAS: Asymptomatic Carotid Artery Study, ACST: Asymptomatic Carotid Surgery
Trial, ECST: European Carotid Surgery Trial, NASCET: North American Symptomatic Carotid Endarterectomy Trial, VA: Veterans affairs
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the results from the Asymptomatic Carotid Artery Study
and the Asymptomatic Carotid Surgery Trial (ACST)
studies.*?! The absolute risk reduction with carotid
revascularization in asymptomatic patients was modest
when compared to symptomatic ones with comparable
degree of luminal stenosis [Table 1]. This becomes more
important given the diminishing risk of stroke with
advancing medical therapy. The 10-year analysis from
the ACST trial reported a significant reduction in stroke
events in patients receiving statin and irrespective of
their assigned therapy.®" This poses challenges to the
concept that “one size fits all” in the management of
asymptomatic CAS and highlights the urgent need to
identify a subgroup of patients who may benefit from
revascularization without being offset by the procedure
itself. Importantly, luminal stenosis did not serve as
a reliable marker in predicting clinical benefits in the
asymptomatic group.'” Using ultrasound duplex to
measure the severity of CAS does not directly reflect the
burden of atherosclerotic disease embedded in the wall
of the carotid artery. Luminal stenosis is considered as a
surrogate of advanced atherosclerosis and a marker for
plaque rupture. The variable rate for atherosclerotic plaque
to impact on ultrasound signal was translated into a lack of
correlation between luminal stenosis and plaque burden.”

Characterizing carotid atherosclerotic plaque is a
promising tool to identify vulnerable plaque.’**! Certain
features such as large lipid core has already been linked
to acute vascular events, not only at the plaque level
but also to predict systemic cardiovascular events.?>3
Likewise, carotid intraplaque hemorrhage (IPH) was
also demonstrated to be a significant predictor of stroke
beyond clinical risk factors and may help tailoring
treatments to patients with CAS.B Recent advances
in technology have revolutionized in vivo imaging
techniques, and the emergence of T2 mapping MRI
technique would enable us, with a high degree of
accuracy, to early characterize carotid atherosclerotic
plaques.”?!

T2 Mapping Validation and Plaque
Characterization

MRI was early recognized as a promising tool to
characterize carotid atherosclerotic plaque.® Moreover,
certain features, such as large lipid core, were identified
as high-risk imaging markers of vascular events.’”! Such
features were feasibly delineated using multi-contrast
MRI whereby the combination of four in vivo
sequences (T1 wieghted, T2 weighted, proton density,
and time of flight) can characterize carotid plaque.t
Nonetheless, the nonquantitative nature of estimating
plaque components, alongside the insensitivities in
detecting cholesterol deposits beyond discernible core,
has restricted the widespread clinical applications
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of multi-contrast MRI.">*! In addition, the need for
extensive postacquisition processing and interpretation
was proved limiting.['>*! T2 mapping is a novel and
sensitive technique which was developed for vascular
wall imaging. It quantifies lipid at a high resolution
on a voxel by the voxel level based on the physical
properties of the tissue in that voxel. It is generated
from 14 images with incremental echo times between 9
and 127 ms, which are acquired using a DANTE-MESE
sequence [Figure 1].05%4% The slice thickness is 2 mm
with a similar size slice gap, meaning two acquisitions
are required to cover 2 cm of the carotid arteries with
10 interleaved slices.!>*%4]

This technique was validated against histology using
26 plaques with a total of 60 slice locations from
patients scheduled for CEA.? A direct comparison was
performed between lipid area derived from segmented
T2 mapping and plaque lipid as identified by histology.*!
Lipid burden quantified using T2 mapping showed an
excellent correlation with histology at both individual
slice and plaque level. Moreover, the association between
lipid area on T2 map and histology was identical
irrespective of the symptomatic status of the plaque.
The good reproducibility of this technique alongside
its quantitative nature would overcome the limitations
by current carotid wall imaging techniques. One of
the challenges to T2 mapping MRI is its sensitivities to
motion artifacts which initially resulted in relatively high
rejection rate. Nonetheless, a significant improvement
has been reported with more experience in using T2
mapping.''?31 Moreover, ongoing work using motion
correction strategies is promising which would allow
this technique to fulfill its clinical potentials.[*!

The Clinical Utility of T2 Mapping in the
Management of Carotid Disease

The ability to quantify plaque lipid accurately and
reproducibly with high sensitivity opens several new
opportunities [Figure 2]. Importantly, data from T2

Single T2 map slice was generated from
14 images with incremental echo times

91 182 273 364 455 546 637 728 819 91 1001 109.2 1183 127.4

Figure 1: Acquisition of T2 mapping sequence using incremental echo times.
The generation of an individual slice from 14 images with incremental echo times
starting from 9 ms to 127 ms
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T1 weighted

| Raw T2 mapping | | Segmented T2 mapping |

Figure 2: Lipid quantification using T2 mapping magnetic resonance imaging
technique. Large plaque and lipid burden with matched raw T2 map (middle panel).
The right panel was produced using a validated threshold to segment lipid with an
estimated lipid content of 59% in this slice. Lipid is denoted in blue, while fibrous
tissue is represented in green

mapping studies suggested that carotid plaques with
recent symptoms contained higher plaque lipid content
that asymptomatic ones.***! Moreover, lipid distribution
within the carotid wall also varied according to the
symptomatic status of the plaque. The lipid aggregation
index (LAI) was developed as a metric tool to quantify
lipid distribution within the atherosclerotic plaque.
High LAI reflected coalesced lipid and was associated
with symptomatic patients. Notably, large carotid lipid
volume, quantified using virtual histology intravascular
ultrasound, was associated with a significant amount
of debris during carotid stenting and was an important
predictor of periprocedural stroke during carotid artery
stenting.*’! Moreover, data from the CREST trial showed
that symptomatic patients had better outcomes with
CEA when compared to carotid stenting."®! On the other
hand, both the approaches had comparable outcomes in
the asymptomatic group.® Such findings are plausibly
related to carotid plaque composition, and therefore, T2
mapping may play arole in clinical decisions to determine
the mode of invasive carotid revascularization strategy.

The role of T2 mapping could also be extended beyond
carotid revascularization. Its precision in quantifying
carotid lipid content would allow identifying high-risk
patients and may offer a platform to test whether these
individuals would benefit from disease-modifying
treatment.””*?/In a substudy analysis from the AIM-HIGH,
large carotid lipid content was associated with increased
future risks; nonetheless, a significant proportion of
patients had to be excluded due to the limitations of the
used MRI technique. T2 mapping, on the other hand,
does not share these limitations, and therefore, there
may be a rational based on previous observations to use
T2 mapping as a risk stratification tool in asymptomatic
patients with CAS. Patients with high-risk features may
be candidates for intensive lipid interventions, including
proprotein convertase subtilisin/kexin type 9 inhibitors
to mitigate their future risk.

Finally, the ability of T2 mapping to quantify carotid
lipid content without the need to prescreen patients for
established carotid atherosclerosis unlocks the concept of
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staging atherosclerosis disease.["'?'?? It would enable us
to determine the extent and distribution of carotid plaque
lipid content in patients presenting with coronary events.
Thus, it would establish whether some patients have the
propensity to develop lipid-rich plaques at multivascular
sites. In fact, recent data showed that both evolocumab
and alirocumab demonstrated larger clinical benefits in
patients with polyvascualr atherosclerotic disease.*4
Moreover, T2 mapping would allow serial measurements
with a high degree of accuracy, thus providing a useful
tool to identify patients with a poor response to standard
lipid therapy.?? These patients may receive aggressive
lipid-lowering treatment and rationalize the use of
expensive and “biological” novel therapies.

The Role of Other High-Risk
Atherosclerotic Plaque Features in Stroke
Risk

Beside plaque lipid, the association of IPH with stroke
was early recognized. IPH is suggested to destabilize
atherosclerotic plaque by expanding necrotic core alongside
triggering inflammatory response that contributes to plaque
rupture.”” Two opposing hypotheses were proposed
to ascertain the source of IPH. The first one suggested
that IPH occurred from the extravasation of blood from
neovascularization process with advanced atherosclerotic
plaques.*541 On the other hand, the second theory proposed
that IPH is originated from the carotid lumen via intimal
fissuring.1>4¢I Recently, a novel theory suggested that IPH
and angiogenesis are markers of inadequate plaque healing
leading to a plaque rupture.*”! Nevertheless, IPH was a
strong predictor of stroke in patients with CAS beyond
any other clinical risk factors.*s! While IPH was present
more frequently in patients with symptomatic CAS, the
association with stroke was evident irrespective of the
symptomatic status of the carotid plaque.”®!

Finally, an improvement in technology allowed the
introduction of new imaging biomarker such as the
perivascular adipose tissue (PVAT).*! This marker
has been strongly implicated in the initiation and
progression of atherosclerosis.” It is proposed to reflect
the inflammatory status of the atherosclerotic plaque and
may serve as a predictor of plaque instability. The role
of inflammation in the development of atherosclerosis is
widely recognized. Certain blood biomarkers have been
established to reflect the systemic inflammatory state of
an individual P52 PV AT, on the other hand, is associated
with local inflammation and may help to tailor medical
therapy and/or invasive revascularization in future.

Conclusion

The management of carotid artery disease remains
challenging, particularly in patients with asymptomatic
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carotid plaque. The disconnect between plaque burden
residing in the vascular wall and degree of stenosis poses
difficulties in decision-making of treatment options.
Plaque characterization using novel T2 mapping MRI
technique may provide a new approach to risk stratify
patients toward precision medicine.
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