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ABSTRACT: The carotid artery is unique; it is the only vessel to bifurcate into a bulb larger than itself. The history of its anatomic description,
understanding of its pathophysiology and evolution of its imaging are relevant to current controversies regarding measurement of stenosis,
surgical/endovascular therapies and medical management of carotid stenosis in stroke prevention. Treatment decisions on millions of
symptomatic and asymptomatic patients are routinely based on information from clinical trials from over 30 years ago. This article briefly
summarizes the highlights of past research in key areas and discuss how they led to current challenges of diagnosis and treatment.

RÉSUMÉ : Sténose carotidienne et accidents vasculaires cérébraux : facteurs historiques à l’origine de controverses actuelles. L’artère
carotide est unique en son genre, en ce sens qu’elle est le seul vaisseau sanguin à se diviser en un sinus [ou bulbe] plus gros qu’elle-même. Ainsi,
l’historique de sa description anatomique, la compréhension que les chercheurs avaient de sa physiopathologie et l’évolution de l’imagerie
médicale sont tous des éléments qui permettent de mieux saisir les controverses qui entourent les mesures du degré de sténose ainsi que le
traitement chirurgical ou endovasculaire et la prise en charge médicale de la sténose carotidienne en prévention des accidents vasculaires
cérébraux. Les décisions relatives au traitement de cette obstruction artérielle chez des millions de patients qui présentent ou non des
symptômes reposent généralement sur des données provenant d’essais cliniques effectués il y a plus de 30 ans. Aussi présenterons-nous dans
l’article un résumé des faits saillants qui ont marqué la recherche dans le passé dans des domaines clés, et discuterons-nous de la manière dont
ces éléments principaux ont conduit aux problèmes actuels de pose de diagnostic et de traitement.
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Introduction

Atherosclerotic stenosis of the internal carotid artery is the cause of
< 10%–20% of all acute ischemic strokes.1–3 The global prevalence
of carotid atherosclerosis between the ages of 30–79 is now
approximately 21%, nearly 1 billion people. Over 800 million
people have carotid plaque, and 58 million have carotid stenosis.4

Although age-adjusted incidence of carotid disease has been
declining with more intensive medical therapy,4–6 the prevalence
has increased by approximately 59% since 2000, mainly due to an
aging population.5 The incidence of severe, asymptomatic carotid
stenosis is estimated to be approximately 3.1% in those 80 years or
older.7 Treatment decisions to prevent stroke on millions of
patients, both symptomatic and asymptomatic, are often based on
evidence that is decades old, outdated and frequently flawed.8,9

Revascularization procedures including carotid endarterectomy
(CEA) and carotid angioplasty and stenting (CAS) cost an
estimated $3.7 billion worldwide in 20079 and are undoubtedly
much higher today, including the hybrid procedure, transcarotid

artery revascularization (TCAR). This article will briefly summa-
rize the history of pathophysiologic investigation, measurement,
medical, surgical and interventional treatment of carotid stenosis
in stroke, hopefully providing a context in which to better
understand the controversies of today.

The large, historical randomized outcome trials that guide
management today relate to stroke caused by atherosclerotic
carotid stenosis. No similar trials to guide management of other
carotid artery conditions in stroke, such as dissections, carotid
webs, tandem cervical and intracranial disease exist and these
entities will not be discussed in this article.

History

The carotid artery is unique in the human body. It is the only artery
that bifurcates into a bulb larger than itself. It is subjected to unique
hemodynamic and pathophysiologic forces and has been a source
of fascination for centuries. In 438 BC, the Greeks depicted manual
neck compression on the Parthenon as a battlefield technique to
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stun, stupefy or plunge an opponent into a deep sleep (karos or
karotides). In the same century, Hippocrates recognized that
lesions of one neck vessel resulted in contralateral hemiplegia and
coined the term apoplexy (to strike down) to describe stroke. Rufus
of Ephesus in 100 AD is credited with officially naming these
vessels carotid10,11 and Vesalius in 1543 was the first to provide
accurate illustrations and to recognize their significance for
cerebral circulation.10–12 Wepfer in 1658 was the first to provide
detailed descriptions of the cerebral and extracranial vasculature,
and to describe extracranial carotid thrombosis in association with
apoplexy.10,11 Willis in 1664 is credited with recognizing the
physiologic and pathologic importance of his eponymous Circle at
the base of the brain, including the potential for collateral
circulation in proximal occlusion, a principle dramatically proven
by John Hunter in the 1700s.

Pathophysiology

In 1905, Chiari provided autopsy confirmation of atheromatous
plaque in the cervical vessels as the source of cerebral emboli in
stroke, a condition he termed “endarteritis chronica deformans.” 13

Chiari in 1906 and Hunt in 1914 both re-emphasized the
importance of the extracranial carotid arteries,14 which were first
imaged by Moniz in 1927 with direct puncture cerebral
angiography.15 It was not until the 1940s that detailed clinico-
pathological association between carotid atherosclerosis and
stroke was observed, a correlation then firmly established by
C Miller Fisher’s seminal reports from the 1950s.16,17 His
descriptions of carotid plaque associated thrombus and intra-
plaque hemorrhage, and the observation that most symptomatic
patients had at least a 75% stenosis, or luminal diameter of
1 millimeter (mm) or less, form the basis for our understanding of
extracranial disease and cerebral ischemia.18,19 External to internal
carotid artery (ICA) collaterals were first described in 1911,
and leptomeningeal collaterals, initially postulated by Heubner in
1874, in 1953.20

Carotid surgery

The earliest reports of surgery on the carotid artery appeared in
1793 and were usually related to trauma and hemorrhage. John
Abernethy, a protégé of John Hunter demonstrated that ligation of
the carotid artery was survivable because of collateral flow in
1803.21 CMiller Fisher was an early proponent of revascularization
surgery for extracranial atherosclerosis, although initially for
restoration of normal blood flow rather than prevention of cerebral
emboli.17

The first successful surgical reconstruction of the carotid artery
was performed in Buenos Aires in 1951,21 and the first published
report of successful CEA was by Eastcott et al in 1954;22 an earlier
claim by DeBakey from 1953 was not reported until 1975.
Interestingly, Eastcott used systemic hypothermia of 28C during
28 minutes of carotid occlusion. The first use of a shunt during CEA,
a technique still debated today, was by Cooley in 1956.21 Surgical
pioneers such as Debakey and Cooley initially believed that the
problem of carotid stenosis was due to reduced cerebral blood flow,
and that stenosed vessels should be opened to improve flow, not
prevent emboli.23 It was FrancisMurphey in 197324 who championed
the embolic theory of stroke, and Wesley Moore in 1978 who
documented the significance of ulcerated carotid plaques.25

Over the next several decades, the numbers of CEA procedures
worldwide grew rapidly, with essentially no guidelines on who
would benefit from the procedure, or what would be acceptable

complication rates. In the United States, surgical mortality in over
2,400 cases performed between 1961 and 1968 was approximately
4.5%.26 By 1976, over 34,000 procedures were being performed
annually, with persistent high morbidity and mortality rates, up to
21% in one community-based series.27 By 1985, over 100,000 CEAs
were done annually, the third most common operation in the
United States (US), with morbidity and mortality estimated at
10%.26,27 General unhappiness with both medical and surgical
treatments of stroke led to the Joint Study on Extracranial
Occlusive Disease in the US between 1959 and 1976, which added a
large amount of surgical information to the debate but showed no
significant outcome difference between medical and surgical
groups.12,28 Heterogeneity and unreliability of accumulated clinical
data prompted calls for multicentre randomized controlled trials
(RCTs).27

Initial RCTs of CEA vs. medical therapy were negative for
surgical benefit.28–30 It was not until the landmark RCTs, the
European Carotid Surgery Trial (ECST) and the North American
Symptomatic Carotid Endarterectomy Trial (NASCET), published
in 1991, that CEA was clearly shown to effectively prevent strokes
in symptomatic patients with carotid stenosis > 70%.31,32 In
NASCET, perioperative stroke and mortality rates of 5.5% and
1.2%were achieved and generally accepted as the standard. Despite
organizational and methodological differences, both studies
showed significant benefit of CEA over medical therapy, with
NASCET showing an absolute risk reduction of 16%, and the
number needed to treat of 6 patients to prevent one stroke over
5 years in patients with 70%–95% stenosis. Both men and women
with 70–99% stenosis had significant benefit, and men with
50%–69% stenosis had some benefit with CEA performed within
2–3 weeks of their ischemic event. A combined ECST-NASCET
analysis also confirmed that the benefit of surgery was muted in
patients with lesser degrees of stenosis (50%–69%) and those with
near occlusions (95%–99%), and that there was harm from surgical
intervention in those with < 50% stenosis.12

Concurrently, investigators were studying patients with
asymptomatic carotid stenosis. The Veterans Affairs study of
199333 showed no benefit of CEA over medical therapy. The
Asymptomatic Carotid Atherosclerosis Study (ACAS) in 1995
showed marginal benefit from CEA in patients with severe
stenosis, with an annual risk reduction of 1% and a number needed
to treat of> 65 to prevent one stroke over 2 years.34 Only men aged
75–80 with 60%–99% stenosis were found to benefit from CEA.
These studies did not recognize or analyze for near occlusions as
did NASCET. The inclusion of transient ischemic attack as an
endpoint in this study distinguished it from ECST and NASCET,
weakening the conclusions. The Asymptomatic Carotid Surgery
Trial (ACST), published in 2004 showed similar results with
marginal benefit, but only if perioperative stroke and death did not
exceed 3%.35 These studies and others have justified intervention
on vast numbers of asymptomatic patients despite impressive
improvements in medical therapy36 and evidence that complica-
tion rates in the community often exceed 3%.37 Approximately
90% of carotid revascularization procedures are performed in
asymptomatic patients in the USA.38,39 The rates of intervention
elsewhere are much lower, estimated at 7% in the UK.40

Contemporary RCTs of intervention vs. medical therapy for
asymptomatic disease such as ACST-2, ECST-2 and Stent
Protected Angioplasty versus Carotid Endarterectomy (SPACE-
2) have shown inconclusive findings, and results of the most
comprehensive trial, Carotid Revascularization Endarterectomy
vs. Stenting Trial (CREST-2) are pending.41,42
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Measurement of carotid stenosis

The measurement of carotid stenosis, historically so essential to
clinical decision-making, has always been controversial. Absolute
luminal diameter, cross sectional area, ratios, % reduction and
“eyeball” techniques using a variety of modalities, beginning with
angiography by direct puncture and then catheters, have all been
used with varying degrees of validity. It is relatively easy to over-
estimate stenosis severity, and arbitrary criteria, with stenoses as
low as 30%43 were used to justify treatment. The Joint Study in the
US was one of the first to rigorously define stenosis comparing the
narrowest luminal diameter to the internal carotid artery beyond
the bulb (28), but it was not until NASCET and ECST that
validated measurement schemes were widely accepted.

NASCET used a ratio of the ICA diameter at the site of maximal
stenosis to the ICA diameter well beyond the bulb where the walls
are parallel44 whereas ECST used a ratio of the maximal ICA
stenosis to the carotid bulb, unseen on a catheter angiogram. There
are pitfalls with both systems. For NASCET, interpretation of
partial or complete collapse beyond a proximal stenosis,45 resulting
in “near occlusion” will produce otherwise fallacious ratios of
percent stenosis. Near occlusions are common when recognized
correctly.46 NASCET percentage calculation uses a denominator of
a normal ICA diameter well beyond the bulb where the walls are
parallel, not commonly complied with and located outside the
range of ultrasound windows. The ECST pitfall is to measure an
imagined bulb diameter. These pitfalls lead to unique prognostic
and therapeutic distortions.

There was initial confusion when comparing outcome results
using NASCET and ECST systems, with a study in 1994
demonstrating their essential incompatibility, i.e., a 70% ECST
stenosis was calculated as suggesting only 40% by NASCET, 75%
ECST suggesting 50% NASCET, and 85% ECST suggesting 70%
NASCET.47 The NASCET method became the most durable and
widely accepted for research and outside the bounds of clinical
trials because endarterectomy clearly corrected the very serious
stroke risk for the most severe stenoses. It was always relatively
easy, however, to “fudge” the percent stenosis to exaggerate
severity, thereby giving the appearance of surgical eligibility for
patients with a stenosis that didn't meet the rigorous NASCET
criteria. The denominator of the commonly used ratios has always
been a source of ambiguity and unreliability.44

The replacement of instrumented angiography and its intrinsic
risks with less-invasive modalities such as duplex ultrasound, CTA
and MRA permits much more accurate and detailed evaluation of
carotid disease. Direct measurement in mms at the site of greatest
stenosis is the key parameter, accurate from CTA without the
stroke risk of catheter angiography, and nearly so with MRA.
NASCET percentages can be extrapolated from CTA images,48 but
overestimation of percentage stenosis is common49,50 and the
vagaries of percent stenosis continue. The real comparative
measurement is the stenosis diameter without a ratio, as originally
proposed by Miller Fisher.19

Ultrasound and MRI now provide detailed analysis of plaque
morphology and composition, allowing demonstration of plaque
progression, regression and vulnerability.51 More sophisticated,
contemporary criteria are becoming available to determine the
need for carotid intervention.52,53 Maximum wall thickness, lipid-
rich necrotic core, intraplaque hemorrhage, fibrous cap rupture,
plaque inflammation and neovascularity are all associated with
increased stroke risk. The recently introduced Carotid Plaque-
RADS scale53 is a multi-modality scoring system that incorporates

these variables, as well as plaque burden, stenosis progression and
calcification to produce an overall assessment of plaque vulner-
ability and stroke risk.

It is now time for stroke researchers to abandon ratios and
percent stenosis, debated principles now decades old. NASCET
outcomes were based on stenosis degree, and this remains valid.
New studies in both symptomatic and asymptomatic patients,
however, must work not only from stenosis assessed at the
narrowest diameter in mms but should also incorporate current
determinants of plaque vulnerability and stroke risk.53

Carotid angioplasty and stenting

The earliest report of percutaneous transluminal balloon angio-
plasty of the carotid artery was in 1981.54 The procedure was
initially performed primarily by cardiologists and general interven-
tional radiologists,55 who soon realized that the carotid was not just
another peripheral vessel, but one in which recoil, dissection and
generation of emboli from friable atherosclerotic plaque following
angioplasty could have major clinical consequences, eventually
progressing to the routine use of stents and embolic protection
devices (EPDs). CAS became a popular alternative to CEA,
perceived as less invasive, particularly in high surgical risk
patients.56

RCTs of CEA vs. CAS soon followed, all defining primary
endpoints as stroke or death and two including myocardial
infarction. The Carotid and Vertebral Artery Transluminal
Angioplasty Study (CAVATAS) in 200157 showed no difference
in outcomes between groups, but relatively high major adverse
effects in both (9%–10%). The Stenting and Angioplasty with
Protection in Patients at High risk for Endarterectomy
(SAPPHIRE) in 2004 studied high surgical risk patients, 71% of
whom were asymptomatic, and found that CAS was safer, mainly
due to the lower incidence of myocardial infarction.58 This study
had a major influence on health care policy in the US, leading to
regulatory approval of CAS as a valid alternative to CEA in this
group of patients. SPACE and Endarterectomy versus Stenting in
patients with Symptomatic Severe Carotid Stenosis (EVA 3-S) in
200659,60 showed conflicting outcomes, the former demonstrating
non-inferiority, the latter a higher risk of stroke and death at 30
days with CAS. The International Carotid Stenting Study (ICSS) in
2014 reported equivalent 5-year stroke and death rates, but twice as
many non-disabling strokes with CAS.61 CREST, published in
2010, is considered to be the most informative comparison study,
despite almost half of the 2,502 patients being asymptomatic.
There was no significant difference in periprocedural and 4-year
stroke and death rates, with more strokes in the CAS group and
more myocardial infarcts in the CEA group.62 This study solidified
the belief that CAS is equivalent to CEA in average surgical risk
patients as well. However, there is evidence that stroke has a greater
adverse effect on quality of life, so this represents a questionable
equivalence.63 CEA was safer than CAS in older patients (>75 yrs.)
and those with multiple medical co-morbidities. This may seem
paradoxical but is explained by the risk of emboli during balloon
angioplasty and stenting of rigid, friable atherosclerotic arteries.64

Up to 80% of patients undergoing CAS can show new diffusion
weighted imaging lesions on MRI, with almost 7% worsening
clinically in one series.65

There are now multiple RCTs containing CAS arms specifically
assessing asymptomatic patients. SPACE-2 and ECST-2 showed
no difference between medical management and CAS,41,42 and
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ACST-2 was reported as showing equivalent complication rates of
CAS and CEA in these patients.66 However, the periprocedural risk
of stroke or death was 3.8% with CAS vs. 2.7% with CEA, and the
5-year risk was 5.5% with CAS vs. 3.6% with CEA.

Medical management

In the late 1800s, Sir William Osler and others were aware of the
association of carotid disease and stroke, but it was not until
the work of Miller Fisher and Adams in the 1950s and 1960s that
the connection of atherosclerotic plaque as a source of embolism
and therefore stroke was established, rather than vasospasm and
hemodynamic alterations.67,68 The first use of anticoagulant
therapy for threatened stroke was reported in 195569 but was
eventually shown to be ineffective.70,71 The first successful trials,
not for treatment but for prevention of stroke, occurred in the
1970s with the use of antiplatelet agents such as aspirin,
dipyridamole, ticlopidine and clopidogrel, often with the active
collaboration of vascular surgeons.72–75 Stroke risk was reduced by
up to 20% in these studies. Statins have also figured prominently in
stroke prevention in both asymptomatic and symptomatic
patients since the 1990s.76–79 As imaging modalities became more
sophisticated, the ability to determine features of plaque
vulnerability dramatically improved. The American Heart
Association developed well validated criteria of histologic
classification in 1995 (80,51). Plaque echogenicity, neovascularity,
ulceration, intraplaque hemorrhage, fibrous cap rupture and lipid-
rich necrotic core are all associated with increased stroke risk.
In combination with the presence of micro-emboli on transcranial
Doppler, the ability to predict and monitor response to medical
therapy has expanded the options available for the treatment of
carotid disease.81–83

An approach to treatment of atherosclerosis based on
measurement of carotid plaque implemented in 2003,84 was
associated with a > 80% reduction of risk among patients with
asymptomatic carotid stenosis: the 2-year risk of stroke declined
from 8.8% to 1% (i.e., 0.5%/year), and the 2-year risk of myocardial
infarction declined from 6.7% to 1%.83 Meta-analyses reported
more than 10 years ago that with more intensive medical therapy,
the risk of stroke or death was well below the risk of CAS or
CEA.85 With truly optimal medical management including
smoking cessation and a Mediterranean diet, most patients with
asymptomatic carotid stenosis would not benefit from interven-
tion. The risk of stroke from a severe, asymptomatic carotid
stenosis is approximately 1% annually, or 4.7% over 5 years86 and
it seems likely that < 10% of asymptomatic patients require
intervention.36,82

Conclusions

Measurement standards, interventions and medical therapy of
carotid stenosis have all advanced dramatically since the historical
trials were performed decades ago.87 TCAR, amore recent addition
to interventional techniques, has yet to be tested in a controlled
trial.88 Guidelines for carotid stenting in the US and a recent
decision of the Centres for Medicare and Medicaid Services have
expanded indications for stenting despite the weakness of past
evidence for benefit.89,90 There are many who believe that carotid
artery revascularization procedures are now greatly over-utilized
and that only CEA, in a very limited number of subgroups in trials
from decades ago, has ever been shown to have a net benefit
compared to noninvasive care alone.90

New RCT evidence based on contemporary carotid stenosis
measurement91 and treatment practice is needed. Frommany trials
it is accepted that most stroke risk from carotid disease is via
thromboembolism. Hence medical prevention against emboli is
used, even in conjunction with revascularization management.
Prediction of stroke risk from carotid stenosis has evolved from
historical determination of mm diameters and percentages derived
from catheter angiography. Although recent studies suggest that
carotid revascularization has limited benefit in asymptomatic
patients, and that the stroke risk from CAS remains greater than
CEA in younger symptomatic patients, surgical/interventional
treatments in both asymptomatic and symptomatic patients are
becoming entrenched. Apart from the financial and logistical
challenges, organization of a meaningful RCT requires equipoise
between treatment options with participation and cooperation of
practitioners open to alternative approaches.92 Surprising results
can occur, overcoming widely accepted biases and conventional
wisdom, when such trials are conducted with appropriate scientific
rigor.32,93 Only when these obstacles are overcome will there be
valid answers to the continuing controversies regarding carotid
stenosis and interventions to prevent stroke.
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