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Dedication

This book is dedicated to the memory of Dr. Bob
Hobson, who contributed to the academic and
professional development of countless faculty, fel-
lows, and residents who have assumed leadership
positions across America. He will be remembered
by all those whom he mentored, and for his leader-
ship in generating the next group of individuals to
carry on his important missions.

Dr. Hobson graduated from the George
Washington University School of Medicine in
Washington, DC in 1963. After serving with the
U.S. Army, he returned to complete a residency
in General Surgery (1971) and a Fellowship in
Vascular Surgery (1973) at the Walter Reed Army
Medical Center. He was the founding Director of
the Division of Vascular Surgery at the University
of Medicine and Dentistry - New Jersey Medical

School (1975-2003) and the institution’s Vascular
Disease Center.

Dr. Hobson enjoyed an illustrious career as an
academic surgeon. He has been the President of
numerous vascular societies in America, and was
the president-elect of the International Vascular
Society for the upcoming year. His major research
interests included cerebrovascular physiology,
carotid occlusive disease, and ischemia-reperfusion
injury. He was a prolific author (over 375 manu-
scripts, over 100 book chapters, and 5 textbooks)
and served on the Editorial Board of 8 journals.
He was currently best known for a most successful
multi-center NIH funded Clinical Trial, (carotid
revascularization endarterectomy vs. stenting trial,
CREST) comparing carotid artery stenting and
endarterectomy.



Preface

He who studies medicine without books sails an uncharted
sea (William Osler, 1849-1919)

In the management of vascular disease, there has
been an inexorable drive toward less invasive
endovascular treatment options. This has substan-
tially altered the attitudes of patients, clinicians,
and health care providers and has influenced serv-
ice provision for these patients. Endovascular treat-
ment of carotid disease is no exception. The aim
of this book is to provide those taking up carotid
stenting with an authoritative, practical, and con-
temporary guide to all aspects of the procedure.
When planning this book, we recognized at an
early stage that carotid stenting is being performed
by physicians from a variety of backgrounds includ-
ing interventional radiologists, neurointerventional
radiologists, vascular surgeons, interventional car-
diologists, interventional neurologists, and angi-
ologists. Because of that, we have deliberately
asked a wide variety of authors to provide their

expert contributions. Also, like any technically
complex intervention, there are potential problems
with respect to training and support. Inexperienced
operators working on the steep part of their learn-
ing curves may find that their early complication
rates are higher than they wish. Whilst this book
cannot completely substitute for “hands-on” expe-
rience, we hope certain elements will help the
novice carotid stenter to hasten their proficiency in
the procedure and avoid some of the pitfalls others
have encountered in the past.

We hope William Osler would have approved of
this book. It is essentially a practical guide, tem-
pered with advice about patient selection, the evi-
dence for intervention, and warnings about difficult
areas. Osler also said “The practice of medicine is
an art, not a trade; a calling, not a business.” We
think this remains true today.

S. Macdonald
G. Stansby
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Editor’s Biographies

Dr. Sumaira Macdonald is a consultant vascular/
interventional radiologist, who has been respon-
sible for setting up the carotid stenting program
in Newcastle upon Tyne. She has published
on carotid stenting and cerebral protection, is
involved with several trials of carotid stenting,
and regularly proctors and teaches the technique
nationally and internationally.

Professor Gerry Stansby is a consultant vascu-
lar surgeon, experienced in carotid surgery and
patient selection. He has published research on
carotid surgery and is involved with several tri-
als on carotid disease. He is a Cochrane Editor
and a Council Member of the Vascular Society of
Great Britain and Ireland.
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1

Carotid Stenting: The Evidence Base

Jorg Ederle and Martin M. Brown

Introduction

Carotid artery stenosis accounts for a significant
proportion of ischaemic strokes. With changes in
life style and an aging population, it is likely that
more and more people will be affected by carotid
atherosclerosis and at risk of stroke. Not only can
this have catastrophic consequences for the indi-
vidual affected, but also it places a huge burden on
society and the economy. Carotid stenosis is often
only discovered after the patient has had a stroke.
Research has for many years focused on treating
symptomatic carotid stenosis to prevent further
strokes. Carotid endarterectomy was introduced
almost 50 years ago, and over the years many small
reports suggested that it was an effective preventive
treatment of symptomatic carotid stenosis. After
two large trials, the North American Symptomatic
Carotid Endarterectomy Trial (NASCET) [1] and
the European Carotid Surgery Trial (ECST) [2],
showed endarterectomy to be beneficial in prevent-
ing subsequent stroke in severe symptomatic carotid
stenosis, surgery became the treatment of choice.
In ECST, the risk of ipsilateral stroke at 3-year
follow-up was reduced from 21.9 to 9.6% after
carotid endarterectomy. NASCET showed a reduc-
tion from 26.6 to 12.6%. Within 30 days of treat-
ment, the risk of death or stroke was 7.0% in ECST
and 6.5% in NASCET. Attempts have also been
made to demonstrate the value of treating asymp-
tomatic patients to prevent stroke happening in the
first place. However, the results from two large
trials, the Asymptomatic Carotid Atherosclerosis

Study (ACAS) [3] and the Asymptomatic Carotid
Surgery Trial (ACST) [4], were less pronounced
with a 5-year risk reduction of stroke or death from
11.5t0 5.1% in ACAS and 4.2 to 2.1% in ACST.
The results of the carotid endarterectomy vs.
medicine trials provide the benchmark for endovas-
cular treatment of carotid stenosis. To justify wide
clinical use, endovascular treatment has to fulfill
two objectives: it has to be as safe and as effective
as carotid endarterectomy. By convention, events
taking place within 30 days of treatment define the
safety of the treatment. Analyzing events taking
place further down the line allow us to make esti-
mates of the efficacy of the treatment.
Endovascular treatment has been used as an alter-
native to carotid endarterectomy at some centers for
15 years or more, and numerous case series have
been published reporting good results. However,
these do not provide enough evidence to satisfy
the current requirements of government control
and clinical governance. Only randomized clinical
trials provide sufficiently robust evidence. The first
randomized trial, the Carotid and Vertebral Artery
Transluminal Angioplasty Study (CAVATAS), was
started in 1992 [5]. However, before CAVATAS
was completed, a single-center study published in
1998, from Leicester, was stopped because of dis-
astrous results in the stenting arm [6]. This sparked
off controversy about the safety of carotid stenting,
which continues to this day. There followed a whole
series of randomized trials comparing endovascular
treatment with surgery or medical treatment alone
for both symptomatic and asymptomatic carotid

S. Macdonald and G. Stansby (eds.), Practical Carotid Artery Stenting, 1
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stenosis [5]. Up to Spring 2007, ten more rand-
omized clinical trials have been identified contrib-
uting over 3,000 patients [6—16] and a number of
trials are still underway [17, 18].

It took only two trials each to establish carotid
endarterectomy as treatment for symptomatic and
asymptomatic stenosis. It is surprising that it
should take more than six times as many trials
to answer the question of safety and efficacy of
endovascular treatment, but perhaps this is because
not a single trial was able to recruit numbers simi-
lar to the surgery trials. While ECST and NASCET
used slightly different measurements to establish
the extent of stenosis, their outcome measures were
similar, which allowed for a combined analysis of
the results [19]. One of the problems of the many
different endovascular studies is that they are dif-
ficult to analyze because of different inclusion cri-
teria, outcome measures, and treatment modalities.
But nonetheless, there are valuable conclusions to
be drawn, and in this chapter we will try to guide
you through the maze of these trials. For this pur-
pose, one should look at symptomatic and asymp-
tomatic patients separately. The surgery trials have
shown that results are different in these patients
and there is no reason to believe this is not equally
true for endovascular treatment.

Symptomatic Carotid Stenosis:
Endovascular Treatment vs. Surgery

Trial Characteristics

Before discussing the trial results in more detail, it
is important to take a closer look at the characteris-
tics of the trials. They can be broadly divided into
trials that have been completed and those that have
been stopped early for different reasons. Stopping
a trial early always carries the risk of introducing
bias. Trials can be stopped for different reasons
with different impact on the results. A trial might
be stopped because the investigators run out of
money. This might lead to the trial not having
enough power to answer the question it set out to
resolve. But this has probably the least impact on
the trial’s results because the number of outcome
events had not been taken into consideration and
thus it is unlikely to introduce bias. Investigators
might stop a trial early because they fail to meet
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their recruitment targets. This is a common prob-
lem encountered by trials running for a long time.
This might again lead to the trial being underpow-
ered but again it is unlikely to introduce a bias
because outcome events have not been taken into
account when the decision to stop the trial has been
made. The most problematic reason to stop a trial
is because of interim safety analysis. Randomized
clinical trials have mechanisms in place that moni-
tor trial safety. Usually, stopping rules are pre-
defined and the trial can be stopped prematurely
if the safety committee deems the trial to be too
dangerous. This carries the risk of introducing bias
because the accumulation of events might be due
to chance, especially when the number of patients
included in the trial is relatively small. The result
of the stopped trial may then overestimate the risk
of that procedure or underestimate the risk of the
control procedure.

As far as trial design is concerned, four fea-
tures are very important (1) the degree of stenosis
required to be eligible for inclusion in the trial,
(2) what defined “symptomatic,” (3) what kind of
endovascular treatment had been chosen, and (4)
the experience and training of the investigators.

Completed Trials

Four completed trials have been identified compar-
ing endovascular treatment with surgery in symp-
tomatic patients [7, 9, 11, 12].

The Kentucky trial was a single-center study
restricted to patients with symptoms confined to
the carotid circulation within 3 months of rand-
omization and only used stenting as endovascular
treatment [7]. The cutoff level of stenosis was
set at 70% as defined by NASCET criteria. The
level of experience (i.e., the number of procedures
performed before the study was started) was not
specified in this trial.

CAVATAS was a multicenter trial undertaken in
the 1990s. It was a family of three trials. One study
compared endovascular treatment and surgery in
symptomatic patients (CAVATAS—CEA) [9]. Three
features characterized the trial. In CAVATAS—CEA,
the trial was started before stenting was introduced
and both stenting and angioplasty alone were used
to treat carotid stenosis under the combined head-
ing of “endovascular treatment.” Roughly, a quarter
of patients receiving endovascular treatment had a
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stent inserted. Second, the investigators included
both symptomatic, and a small number (18%) of
asymptomatic, patients. A patient was considered
to be symptomatic if he/she had experienced
“appropriate” symptoms within 6 months of ran-
domization. Thirdly, patients were included in the
trial with ipsilateral carotid stenosis greater than
50%. Since endovascular treatment for carotid
stenosis was a relatively new technique at most
centers, no previous experience was required, but
inexperienced investigators received training and
assistance from the more experienced centers.

The Basel Carotid Artery Stenting Study (BACASS)
included only patients at a single center with at least
70% stenosis using the ECST criteria, roughly equiv-
alent to 50% stenosis using the NASCET criteria
[11]. All patients in this small trial were symptomatic
but it was not specified how “symptomatic” was
defined. Stenting was the sole endovascular treat-
ment. Investigators in this study had a lot of experi-
ence with endovascular treatment having participated
in CAVATAS.

The Trial of Endarterectomy vs. Stenting for the
treatment of Carotid Atherosclerotic Stenosis in
China (TESCAS-C) was only published in Chinese
with only the abstract available in English [12]. It is
therefore difficult to scrutinize this trial.

Stopped Trials

The first randomized trial of endovascular treat-
ment compared with surgery to be stopped was
conducted in Leicester [5]. Only symptomatic
patients with carotid stenosis greater than 70%
were included. The investigators did not specify
their definition of “symptomatic” or the criteria
used to define the degree of stenosis. Stenting was
the sole endovascular treatment used. Although it
had been planned for the data monitoring commit-
tee to perform an interim analysis after only 20
interventions, the investigators got cold feet after
five consecutive stenting procedures out of seven
led to treatment-related events and passed the
results on to the data monitoring committee. The
trial was terminated after treating only 17 patients.

The industry-sponsored WALLSTENT trial
enrolled symptomatic patients with carotid stenosis
greater than 60% without specifying the measure-
ment technique or the definition of “symptomatic”
[6]. Patients assigned to endovascular treatment

were treated with stenting using a single device.
The trial was stopped early, controversially not by
an independent data monitoring committee but by
the trial sponsor, well before the targeted sample
size and the results have never been published in a
peer-reviewed journal.

The Stenting and Angioplasty with Protection
in Patients at High Risk for Endarterectomy study
(SAPPHIRE) has several noteworthy character-
istics [15]. It included only patients with a high
surgical risk. Both symptomatic and asymptomatic
patients were included and the majority of patients
enrolled were asymptomatic. The level of stenosis
depended on whether a patient was symptomatic
(>60%) or asymptomatic (>80%). Making matters
even more complicated, the trial used cerebral neu-
roprotection devices in the endovascular treatment
arm. Interventional physicians had completed a
median of 64 procedures before entering the trial.
In the end, the trial was terminated early because
of a slowdown in recruitment. Concern has also
subsequently been expressed about the fact that the
Chief Investigator of SAPPHIRE received unde-
clared royalties from sales of the protection device
used in the trial.

The Endarterectomy vs. Angioplasty in patients
with symptomatic severe carotid stenosis trial
(EVA-3S) only included symptomatic patients.
Symptoms had to be present within 120 days of
randomization [13]. The level of stenosis was ini-
tially set at 70%, determined by NASCET criteria
and later reduced to 60%. Endovascular treatment
was by stenting. To join the trial, the interventional
physician had to have performed at least 12 carotid
stenting procedures or at least 35 stenting proce-
dures in the supra-aortic trunks, of which five were
in the carotid artery. The trial was briefly put on
hold after an interim analysis suggested a much
higher rate of stroke in patients stented without a
protection device, and the mandatory use of cere-
bral neuroprotection devices was introduced. After
a safety analysis by the data monitoring committee,
the trial was suspended due to an excess number of
events in one treatment arm.

The Stent-Protected Angioplasty vs. Carotid
Endarterectomy trial (SPACE) enrolled sympto-
matic patients only [14]. Symptoms had to occur
within 180 days before randomization and the
degree of carotid stenosis had to be greater than
70% defined by NASCET criteria. Endovascular



treatment was stenting, with or without a cer-
ebral protection device. Roughly, one quarter of
patients in the endovascular group was treated
using such a device. Interventionalists had to
show proof of at least 25 consecutive successful
endovascular procedures in the carotid artery.
The trial was designed as noninferiority study
and after interim analysis revealed an insuffi-
cient sample size, the investigators terminated
randomization because funds did not allow them
to carry on randomizing.

Safety

One might argue that these striking differences in
trial design described earlier forbid a combined
analysis in the first place. However, combining the
results and very cautiously interpreting the results
still might be helpful in informing a decision on
what route to take in treating patients with carotid
stenosis and where we go next.

Firstly, is the treatment safe? Most commonly,
the safety of endovascular treatment is assessed
by a combined outcome of death and stroke within
30 days of procedure. The available evidence from
the randomized trials is not clear at all and due to
reasons laid out above, significant heterogeneity
between the trials has to be assumed. The esti-
mates of effect vary with the stopped trials favoring
surgery and the completed trials neutral for major
outcomes, but with wide confidence intervals.
A combined estimate of effect with regard to death
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or stroke within 30 days of randomization reveals
no significant difference between endovascular
treatment and surgery. However, the odds ratio
(OR) (endovascular:surgery) of 1.44, favours sur-
gery, but with a wide 95% confidence interval
(CD) of 0.91-2.26, p = 0.12, using the random
effects model to combine the data (Fig. 1.1). This
outcome measure excludes a common problem of
carotid surgery, cranial nerve damage. This might
be a minor event in some patients but can also lead
to considerable disability with speech problems
and difficulties swallowing. An analysis of this
outcome strongly favors endovascular treatment
with an OR (endovascular:surgery) of 0.09 (95%
CI 0.04-0.25, p < 0.00001). Further analyses
examining other combinations of outcome events
show similar heterogeneity and can be found in our
systematic Cochrane Review [20].

Efficacy

The safety of the procedure is only one side
of the coin. Before it can be recommended for
wider clinical use, endovascular treatment has to
be shown to be effective in preventing long-term
complications of carotid stenosis, i.e., subsequent
stroke. Most trials used a combined endpoint of
death or any stroke after a set time period, while
some chose to report on rather obscure endpoints
making it virtually impossible to compare their
results. This question is even more difficult to
answer than the safety question because fewer

Study Endovascular Surgery OR (random) Weight
or sub-category i M g95% Ci %
Leicester 1938 5/11 0/1z —a—) 2.09 21.15
CAVATAS-CEA 2001 2sszsz 25/253 =i 22.95 1.00
Kentucky 2001 0/53 1/51 - 1.88 0.31
Vallstent 2001 13/107 s/11z2 [—-— 1z2.12 2.96
SAPPHIRE 2004 8/167 9/167 — 13.61 0.88
BACASS 2006 0/10 1/10 1.78 0.30
EVA-3S 2006 25/265 10/262 —a— 18,29 2.63
SPACE 2008 46/599 38/584 27.30 1.20
Total (95% CI) 1464 1451 I 100.00 1.44
Total events: 122 (Endovascular), 83 (Surgery)
Test for heterogenely: Chi* = 11.81,df =7 (P = 0.11), F = 40.7%
Test for overall effect Z=1.56(P=0.12)
0.0 01 1 10 100
Favours endovascular  Favours surgery

FIG. 1.1. Death or any stroke within 30 days of treatment of symptomatic carotid stenosis. N total number of patients,
n number of events, OR odds ratio, 95% CI 95% confidence interval, all calculations using a random effects model

(from [20] with permission from the publisher)
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Study Endovascular Surgery
or sub-category L it

OR (random)

OR (random)
5%a % 95%

01 everts ot 6 months

EVA-35 2006 31/265

TESCAS-C 2006 8/82

Subfotal (95% C1) 247

Total events: 33 (Endovascular), 26 (Surgery)

Test for heterogenetty: Chi = 2.46,di =1 (P=0.12), = 593%
Test for overall effect: Z = 0.70 (P = 0.48)

16/262
lo/84
346

02 everds of 12 months
‘Walstent 2001 137107

SAPPHIRE 2004 227167

Subtedal (35% CO) 274

Total evenis: 35 (Endovascular), 37 (Surgery)
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03 everts ol 24 months

BACASS 2008 1/9 0/10
Sublotal (35% C) 9 10
Total events: 1 (Endovascular), 0 (Surgery)
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Test for overal effect Z = 0.77 (P = 0.44)

04 events ot 36 months
CAVATAS.CEA 2001
Sublotal (35% C)

Tetal evers: 6 (Endovascular), 10 (Surgery)
Test for heterogensity: not appbcabie

Test for overall elfect: Z =100 (P =0.32)

6/252
252

10/253
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Total (35% C1) 882
Tolal everds: 81 (Endovascular), 73 (Surgery)

Test for y: Ch = 14.05,dl =5 (P =0.02),F = 84.4%
Test for overall effect: = 0.50 (P = 062)

23.00
17.61
40.61

2.04
0.80
1.38

3.82)
2.14)
3.41)

L.09,
10.30,
10. 56,

15.33
23.63
38.96

3.73
0.62
1.41

11.1e,
[0.34,
[o.24,

11.84]
L.11]
8.27]

3.71

. 10.13,
-43 .71

[0.13,

103.11)
103.11)

- 17.00 0.59

— 10.21,
i 17.00 0.59

(o.21,

1.66)
1.68]

-

100,00 1.18 [0.861, 2.28]

om

01 1 10 100

Favours endovascular  Favours surgery

FI1G. 1.2. Death or any stroke during follow-up of symptomatic carotid stenosis. N total number of patients, n number
of events, OR odds ratio, 95% CI 95% confidence interval, all calculations using a random effects model (from [20]

with permission from the publisher)

trial results are available and different trials have
reported on different lengths of follow-up. Overall,
the combined estimate of effect suggests no differ-
ence between endovascular treatment and surgery.
The OR (endovascular:surgery) was 1.18 (95% CI
0.61-2.28, p = 0.62; Fig. 1.2).

Symptomatic Carotid Stenosis:
Endovascular vs. Medical
Treatment

Because carotid endarterectomy is considered to
be superior to medical treatment alone, most tri-
als compared endovascular treatment with endar-
terectomy in patients suitable for surgery. Only
in patients in whom surgery was not an option,
endovascular treatment could be considered as a
possible alternative to medical treatment.

Trial Characteristics

Only two trials compared endovascular with medi-
cal treatment and both trials were very small,
contributing a total of 61 patients. Both trials were

very underpowered to provide an answer for the
question of safety and efficacy of endovascu-
lar treatment. The medical care study from the
CAVATAS family (CAVATAS-MED) enrolled
patients not suitable for surgery [10] and a
number of patients who refused surgery. All other
inclusion criteria were the same as in CAVATAS-
CEA. Patients randomized to endovascular treat-
ment could receive a stent or be treated by
balloon angioplasty alone. Only 40 patients were
enrolled in this trial. A trial conducted in China
compared endovascular and medical treatment in
patients with severe bilateral stenosis [16]. The
report does not specify if these patients had been
symptomatic. All patients allocated endovascular
treatment received a stent. Neither trial specified
“medical treatment” and it must be assumed that
treatment differed considerably.

Safety

Only CAVATAS-MED reported results of the ini-
tial 30-day period. One patient in the endovascular
group (5%) had a fatal stroke compared with no
patient in the medical group.



Efficacy

Only 23 events were reported during follow-up of
up to 10 years. Not surprisingly, there is no sig-
nificant difference between medical and endovas-
cular treatment in the combined analysis, perhaps
because of the small numbers of patients rand-
omized (OR (endovascular:medical) 0.28, 95% CI
0.02-3.23, p = 0.30).

Since the late 1990s when CAVATAS was con-
ducted, medical treatment has changed consider-
ably. This casts some doubt on the applicability of
these results to today’s clinical practice.

Asymptomatic Carotid Stenosis:
Endovascular Treatment vs. Surgery

Endarterectomy has been shown to be effective
in preventing stroke in asymptomatic patients
although this effect is less pronounced than in the
treatment of symptomatic carotid stenosis. There
are many more subjects with asymptomatic steno-
sis than symptomatic patients with carotid stenosis.
It is therefore understandable that endovascular
treatment has been applied to asymptomatic carotid
stenosis despite the lack of proof of benefit in
symptomatic patients.

Trial Characteristics

Only one trial conducted in Kentucky enrolled only
asymptomatic patients [8]. The trial was run by
the same team as the symptomatic Kentucky trial.
Persons with any cerebrovascular symptom were
excluded from the trial and the degree of stenosis
had to be greater than 80% applying the NASCET
criteria. Endovascular treatment was stenting; no
information about the stenting experience of the
investigators was provided. SAPPHIRE included
a large proportion of asymptomatic patients and
CAVATAS-CEA also included a small number
of asymptomatic patients randomized between
endovascular treatment and surgery. SAPPHIRE
reported a complex primary endpoint of cumulative
incidence of death, stroke, or myocardial infarc-
tion within 30 days of the procedure and death or
ipsilateral stroke between 31 days and 1 year. The
outcome in CAVATAS-CEA was reported more
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conventionally as death or stroke within 30 days of
procedure. This illustrates the difficulty of compar-
ing trial results.

Results

The Kentucky trial reported a zero event rate for
death or stroke within 30 days of treatment in
both treatment groups. The risk of cranial nerve
damage was, however, not totally avoided in the
surgery group. The outcome in asymptomatic
stenosis cannot be extracted from SAPPHIRE. In
CAVATAS—CEA, there was no difference in death
or stroke within 30 days of the procedure in asymp-
tomatic patients.

Conclusions

It is impossible to draw any firm conclusions from
the available evidence because of the marked vari-
ation in design and outcome in the various trials
comparing endovascular treatment with carotid
endarterectomy. The trials varied widely in many
aspects. They used different definitions of what
constitutes a symptomatic patient and some trials
enrolled a mixture of symptomatic and asympto-
matic patients. The method used to establish the
degree of stenosis also varied and trials required
different degrees of stenosis for enrollment. The
chosen endovascular technique ranged from using
balloon angioplasty alone in CAVATAS, to primary
stenting with or without a neuroprotection device
in later trials. It is likely that these differences
influence outcome and, to make matters more
difficult, different trials used different outcome
measures. Another important point is the influ-
ence of the interventionalists’ experience: the fact
that the required experience for entering the study
varied from trial to trial and that the experience of
angioplasty and stenting of individual centers var-
ied considerably within trials is likely to have had
a major influence on the results.

The uncertainty generated by the results of the
trials discussed in this chapter can only be resolved
by data from larger, better designed randomized
trials. Two trials are still underway recruiting
symptomatic patients. The International Carotid
Stenting Study (ICSS) [17] is restricted to symp-
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tomatic patients and the Carotid Revascularization
Endarterectomy vs. Stenting Trial (CREST) [18] is
also recruiting asymptomatic patients. Other trials
are planned to assess endovascular treatment in
asymptomatic patients. Even if the ongoing trial
results finally show a slightly higher stroke risk
at the time of treatment, the less invasive nature
of stenting may lead patients and physicians to
prefer stenting. It is notable that in coronary heart
disease, stenting has all but replaced surgery as
the treatment of first choice for coronary artery
stenosis. This is despite the fact that the rand-
omized trials have shown that coronary artery
bypass grafting is superior to stenting in prevent-
ing long-term major cardiac adverse events [21].
It is therefore important that the endovascular
treatment trials underway publish their results
while they are still able to inform opinion before
the medical community and patients have made
up their minds. Ultimately, the choice of treat-
ment may come down to the different depart-
ments’ experience and patient perception of the
risks and benefits of the two approaches.

Key Points

Symptomatic Stenosis
Endovascular Treatment vs. Surgery

e Various criteria to establish degree of stenosis.

¢ Definition of “symptomatic” varies between trials.

* Some trials included asymptomatic patients.

* Some trials were stopped early, possibly intro-
ducing bias.

* Combined analysis shows no significant difference
between endovascular treatment and surgery with
regard to death or stroke, but confidence interval
wide and trend favours surgery.

* Endovascular treatment avoids the risk of cranial
nerve damage.

* More data required from ongoing trials.

Endovascular vs. Medical Treatment

e Trials very much underpowered.

¢ Results not robust enough to draw firm conclusions.

* No clear difference between endovascular and
medical treatment to date.

* Medical treatment has improved since the late 1990s.

Asymptomatic Stenosis
Endovascular Treatment vs. Surgery

e Trials very much underpowered.

* Results not robust enough to draw firm conclusions.

e Current trials will provide further data.

* A center’s safety record should be considered in
choosing treatments outside clinical trials.

Overall Conclusions

» The evidence base does not support a change in
clinical practice away from recommending carotid
endarterectomy as the treatment of choice.

* Ongoing trials will provide further data.

* A center’s safety record should be considered in
choosing treatments outside clinical trials.
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Patient Selection for Carotid Stenting

Peter Humphrey

Introduction

The clinical selection of patients for carotid artery
stenting is largely similar to that for carotid endar-
terectomy which is the gold standard treatment for
managing symptomatic internal carotid stenosis.
This chapter will not consider criteria for treating
asymptomatic stenoses as this will be covered by
Ross Naylor in Chap. 3.

The place of carotid artery stenting in the man-
agement of cerebrovascular disease remains a major
subject for research and debate. Martin Brown and
Jorg Ederle (Chap. 1) have reviewed the evidence
basis for stenting. While stenting is possible at
most sites of carotid narrowing, the only rigorous
trials have compared stenting with carotid endar-
terectomy to treat carotid stenosis at the origin of the
internal carotid artery. There are other situations
where stenting has been reported anecdotally but
none of these other situations have been assessed
with scientific rigor. It seems appropriate to first
consider which patients should be selected for
intervention when a symptomatic bifurcation internal
carotid stenosis is found on investigation.

Internal carotid artery stenosis at the bifurca-
tion of the common, external, and internal carotid
arteries is a common cause of carotid transient
ischemic attacks (TTAs) and stroke. The seminal
publications of the European Carotid Surgery Trial
(ECST) and the North American Symptomatic
Carotid Endarterectomy Trial (NASCET) in 1991
proved the value of surgery in the prevention of
stroke [1, 2]. ECST demonstrated that surgery was

beneficial for those with stenoses of more than
70% while NASCET showed a similar benefit
with stenoses of more than 50%. These trials used
different methods to measure percentage stenosis
[3]; because of these differences, a 70% ECST
stenosis approximately equates to a 50% NASCET
stenosis. The appreciation that different methods
of measurement measure different things cannot
be overemphasized. While this may seem obvious,
it must be appreciated that newer imaging sys-
tems using doppler/duplex ultrasound, magnetic
resonance angiography, and computer tomographic
angiography are not measuring stenosis the same
way as the NASCET and ECST trials which calcu-
lated a percentage stenosis from 2D images using
either one, two, or occasionally three views of
the carotid bifurcation derived by contrast carotid
angiography.

Embolic TIAs

TIA or stroke following an internal carotid ste-
nosis usually results, either from emboli passing
distally into the intracerebral circulation or from
the stenosis occluding at the carotid bifurcation.
Embolic TIAs, if multiple, are often stereotyped.
Sometimes, emboli enter different parts of the
retinal and cerebral circulation but this is rare.
Patients with both retinal and cerebral events often
have more serious internal carotid atheroma. It
is not surprising that TIAs are stereotyped as the
symptoms are not coming from the stenosis per se

S. Macdonald and G. Stansby (eds.), Practical Carotid Artery Stenting, 9
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but from a small ruptured plaque in the stenosis
providing a focal source of emboli. Anyone who
has played “Poohsticks” will know that if a stick
is put into the river in the same place, whatever
turbulence it experiences on the way it will end
up in the same place, but put it in a different place
upstream and it will end up in a different tributary
of the river downstream [4].

Emboli may pass into the ipsilateral eye causing
amaurosis fugax (transient monocular blindness)
which is usually described as a sudden blackness
or black shadow or curtain descending or ascending
across the vision: all together patterns of transient
visual loss are less likely to be associated with sig-
nificant carotid stenosis [5]. Permanent retinal inf-
arction results from retinal artery occlusion (RAO)
which can be either complete (central RAO) or
partial (branch RAO). Attacks of transient monocular
visual loss may be difficult to differentiate from
binocular visual loss unless the individual does
a careful cover test at the time of the symptoms.
Binocular visual loss, especially if hemianopic,
usually arises from the occipital cortex but can occur
with lesions of the optic tract or even occasionally
the chiasm.

Emboli entering the cerebral circulation usually
cause motor, sensory, or speech problems [6]. Isolated
hemianopic visual symptoms may sometimes occur if
the posterior cerebral artery is supplied by the internal
carotid artery.

While symptoms may involve the complete face,
arm, and leg, the shape of the homunculus with
much larger representation for the hand and face
than the leg means that motor or sensory TIAs
frequently only affect a small part of one side of
the body. TIAs or minor stroke affecting only one
part (most commonly the hand) accounts for a third
of all TIAs. While those affecting just the arm, hand,
or face are quite common by the same analogy,
isolated TIAs affecting the leg only are relatively
uncommon. The latter, while making up only a
small percentage of TIAs, frequently causes prob-
lems in diagnosis because it may not be appreciated
that isolated episodes of leg paralysis or numbness
arise centrally in the cerebral cortex.

Cortical weakness may be described as paralysis,
but clumsiness and heaviness are also commonly
used descriptions especially if the deficit is mild.
Many patients misinterpret which side of the face
is affected when facial paralysis occurs.
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Isolated sensory symptoms, such as numbness or
pins and needles, are less frequent and are usually
associated with some motor symptoms. Isolated
sensory symptoms restricted to the face or arm/
hand are notoriously difficult to interpret and may
be related to carpal tunnel syndrome or anxiety/
hyperventilation, especially in younger patients
with no risk factors.

Conversely, occasionally TIAs may have a radic-
ular or peripheral nerve-like distribution and be
restricted to certain fingers only, the significance
of which is only appreciated when in subsequent
attacks not only the first three fingers of the right
hand are numb, but also speech is lost.

Hemi-phenomenon, both motor and sensory, can
arise from both carotid and vertebrobasilar territory
events. However, for practical purposes, all such
attacks are investigated and managed as carotid
events unless there are other symptoms such as
double vision which strongly suggest a vertebro-
basilar origin for the attacks.

Interpreting isolated speech deficits is difficult.
A detailed description of the speech pattern espe-
cially when the individual is recovering may
allow the examiner to decide if true dysphasia
was present. Clearly, dysphasia localizes to the
dominant hemisphere. A severe dysarthria can
mimic dysphasia as far as the patient is concerned.
A patient’s description of “non-sense speech,” or
“can’t get my words out” or “know what I want to
say but can’t get my words out” can still be dys-
arthric. Interpreting isolated dysarthria is difficult:
while this may be a symptom of cortical weakness,
it has very poor localizing value and occurs with
both carotid and vertebrobasilar ischemia.

Embolic TIAs are usually abrupt in onset with
a focal clear loss of function as described. They
are maximal at onset. While by definition, TTAs
can last up to 24 h, most last less than 30 min.
TIAs lasting more than 1 h carry a higher risk of
stroke. It is rare for recurrent TIAs to last more
than 1 h; such attacks either cease or are fol-
lowed by a stroke. Individuals with many attacks
lasting several hours are usually suffering non-
organic problems. Few people experience more
than five attacks; indeed, most have only one or
two episodes. Full investigation should follow a
single episode. The “wait and see if it happens
again” policy with regard to investigations is
indefensible.
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It is important to distinguish these types of focal
symptoms from nonfocal symptoms which are
frequently referred to TIA clinics. Focal symptoms
from embolic TIAs are clear cut and usually affect
vision, speech, or the motor or sensory cortex of
the brain. Nonfocal symptoms are usually due to
hypotension from whatever cause and results in
symptoms of lightheadedness, general weakness,
feelings of being faint, confusion, altered conscious-
ness, pallor, sweating, change in heart rate, fading
of vision or hearing, and eventually may lead to
loss of consciousness.

The need for vigilant history taking in the assess-
ment of TIAs cannot be overemphasized. Always
ask the patients to describe the scene and let them
describe the exact sequence and timing of the events.
Do not interrupt and listen carefully to the words
being used. At the end, it may be necessary to ask
a lot of detailed questions but let the individual tell
his story first.

Risk of Stroke

Rothwell and Warlow [7] have helped identify
those patients with TIA or minor stroke who are
at greatest risk of early stroke; while the initial
ECST and NASCET crudely proved that those with
stenoses of >70% (ECST method) benefited from
carotid endarterectomy, it soon became clear that
some individuals had a very low risk of stroke and
therefore did not justify the small risk of endarter-
ectomy whilst others had a much higher early risk
of stroke. Overall, surgery is required for approxi-
mately 14 patients to prevent one ipsilateral carotid
territory major ischemic stroke lasting longer than
7 days over the next 5 years.

Those at highest risk of stroke were more
likely to have increasing stenosis (in the 70-99%
range), have plaque surface irregularity, and have
suffered cerebral rather than ocular events in the
past 2 months. Interestingly, those with pseudo-
occlusions (the stenosis is so tight that the distal
internal carotid artery has collapsed) seemed to be
at lower risk of stroke.

Furthermore, refinement of this scoring system
leads to the development of the ABCD2 scoring
system which identifies those at greatest risk of
stroke in the first week after the initial ischemic
event [8] (Table 2.1).
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TaBLE 2.1. ABCD?2 risk scoring system [8].

Points

A AGE >60 years 1
B BLOOD PRESSURE  >140 1
systolic Diastolic 290 1

C CLINICAL Unilateral motor 2

weakness

Speech disturbance 1

Other 0

D DURATION >60 min 2
10-59 min 1

<10 min 0

D2 DIABETES 1

MELLITUS

Whilst most TIAs last less than 5-10 min, those
that last more than 1 h are more likely to result in
a stroke. Patients with pure ocular attacks have
approximately half the stroke risk of those with
hemisphere attacks.

A total score of 4 or more points helps identify
those with the highest risk of stroke in the 7 days
after the initial embolic event. Thus, a 65-year-old
diabetic, hypertensive patient who presents with
right arm weakness lasting more than 1 h has the
highest risk of suffering a stroke in the next 7 days.
Most of this high-risk group will have a tight
internal carotid stenosis which should be assessed
immediately and offered either carotid endarterec-
tomy or stenting within less than 24 h of the clinical
event.

Rothwell’s data have done much to emphasize
that the management of TIAs needs a complete
rethink as regards the speed of investigation and
treatment if the full benefit of stroke prevention is
to be realized [9]. Seeing patients on the same day
as their attack, instituting treatment immediately,
and performing endarterectomy within 48 h if
appropriate should be the aim of all units offering a
TIA/Minor Stroke Service. The benefit of endar-
terectomy or stenting is largely lost if this whole
process takes more than 1 month.

A major public education exercise needs to be
undertaken to ensure that individuals with these
symptoms act promptly. Most TIAs are embolic.
These episodes are usually described as a sudden
loss of function in a focal part of the brain without
any associated symptoms. Most embolic TIAs
last less than 10 min even though the TIAs with
the poorest prognosis are those that last over 1 h.
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During embolic TIAs, there are unlikely to be other
more general symptoms such as headaches, dizzi-
ness, or any other nonfocal symptoms.

Hemodynamic and Low-Flow TIAs

A small percentage of TIAs are hemodynamic;
it is difficult to quantify this figure as there is no
gold standard to differentiate embolic and hemo-
dynamic TIAs [10]. Hemodynamic TIAs are due
to lack of blood flow — these patients often have
severe widespread vascular disease with multiple
stenoses and occlusions. Symptoms then occur
when cerebral perfusion pressure falls transiently.
Hemodynamic TIAs may thus be associated with
symptoms of presyncope or syncope such as light-
headedness, pallor, generalized weakness, confusion,
and arrhythmia or change in heart rate. They may
occur at times when perfusion pressure falls, e.g., on
standing, exercise, after taking hypotensive therapy,
eating, or even when chewing or using a hair dryer;
in the later situations, blood steals from the internal
to the external circulation.

Hemodynamic amaurosis fugax often occurs
when the individual enters a bright environment;
the visual loss may be described as an enhance-
ment of black/white contrast, a dimming of vision
or loss of color vision before possibly progressing
to a complete loss of vision. Hemodynamic attacks
affecting the motor cortex may be associated with
positive phenomenon such as involuntary move-
ments or myoclonic jerking, so-called jerking TIAs.
Hemodynamic TIAs tend to be less abrupt in onset
than embolic TIAs and are much more variable in
duration; they can also occur recurrently over pro-
longed periods of time, e.g., months or even years,
without any serious sequelae.

The differentiation between embolic and hemo-
dynamic TIAs is important when deciding on the
most appropriate treatment. Hemodynamic TIAs
will only be helped by improving cerebral blood
flow, e.g., by avoiding too aggressive blood pressure
treatment. However, it is often necessary to initiate
a more definitive treatment aimed at improving
cerebral blood flow by dealing with one of the
intracranial or extracranial obstruction. This has led
to a plethora of case reports of bypass operations to
anastomose various extracranial arteries to improve
flow to the brain if a standard endarterectomy was
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technically not possible. Angioplasty with stenting
should reduce the need for such bypass procedures
as it is technically more versatile than surgery and
can be performed on the carotid, vertebrobasilar,
subclavian, and innominate arteries. Furthermore,
such patients tend to be less fit for any surgical
procedure often because of coexisting cardiac dis-
ease or other comorbidities; they may however be
candidates for angioplasty with stenting.

Ocular Ischemia

The chronic ocular ischemic syndromes may be a
further situation appropriate for angioplasty and
stenting. Retinal ischemia may be followed by
rubeotic or neovascular glaucoma in which there is
a very painful progressive loss of vision [6]. Due to
carotid artery disease, there are usually both severe
internal and external carotid artery stenoses and
occlusions. Improving flow in either the internal
or the external carotid artery may save vision pro-
vided it is performed before the rubeotic glaucoma
progresses too far.

Lacunar TIAs/Stroke

Events arising in the cortical gray matter are much
more likely to be embolic while lacunar events are
associated with a low incidence of carotid stenosis
[11]. Lacunar events are not “small” strokes except
in pathological terms and it is better to use the term
subcortical TIAs or stroke [12]. Pathologically,
there is thrombosis in small perforating arteries
with lipohyalinosis. The term lacunar infarction is
used very loosely especially in radiological reports
and can confuse the clinician about the pathophysi-
ology of the stroke. For instance, infarcts in the
striatocapsular/caudate region are often radiologi-
cally small and deep and can easily be labeled as
lacunar lesion when a significant percentage of
these lesions are due to thromboembolic disease and
therefore need investigation for potential sources of
emboli such as internal carotid stenosis.
Clinically, there are many different lacunar
syndromes which arise from subcortical or brain
stem ischemia or sometimes hemorrhage. The four
classical lacunar syndromes comprise the pure
motor syndrome with isolated weakness of face/
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arm/leg, face/arm, or arm/leg, the pure sensory
syndrome again with a similar distribution, the
pure sensorimotor syndrome again with a similar
distribution, and finally the ataxic hemiparesis
syndrome. Clinical events restricted to just one
part such as face, arm, or leg — while small clini-
cally — are NOT lacunar and are much more likely
to be cortical events. A lacunar or subcortical event
must involve at least two or more of the three areas
of face, arm, or leg with a deficit which affects the
whole arm or leg and not just the hand or foot [12].
None of the classical lacunar syndromes should
be associated with visual or cortical loss such as
dysphasia.

While the differentiation of subcortical ischemic
and cortical ischemia is useful in understanding
mechanisms of disease, and valid for large clinical
studies, it is not reliable enough in the individual
patient to guide the pathogenesis of each event.
A partial middle cerebral artery (MCA) cortical
ischemic lesion can give a pure motor hemiplegia
and thus mimic a subcortical event. In my view,
clinical lacunar syndromes should be investigated
for carotid stenosis and, if found, should be treated
as the cause of the symptoms even though the
yield from investigation is much lower than in
those with definite cortical TIAs.

Differential Diagnosis

The diagnosis of TIA is largely clinical while the
presence of a stroke can often be substantiated with
radiological investigations [6, 10]. Studies have
shown that the interobserver and intraobserver
variability for the diagnosis of stroke is better than
that for TIA, and it is highly likely that TIAs are
considerably overdiagnosed [13, 14].

It is not possible to enter into a full discussion
about the differential diagnoses, but migraine with
aura, focal seizures, carpal tunnel syndrome, pre-
syncope, and anxiety attacks (often via a combina-
tion of presyncope and hyperventilation) should be
considered when the symptomatology bears some
features of TIAs. A migraine aura usually builds
up unlike an embolic TIA, tends to have positive
features, and lasts 20-30 min (long for a TIA) and
obviously may be followed by a headache. Focal
seizures are often accompanied by some degree of
altered consciousness, symptom march and may
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occur many times over a prolonged period (all
uncommon in embolic TIAs); a witness description
will usually suffice in making the diagnosis.

It is surprising how often attacks in which the
predominant issue is syncope can be associated with
focal symptoms especially sensory. Such patients
often feel ill prior to the event, are lightheaded,
may feel hot, cold, and clammy, be aware of heart
rate change, and may even have headache or chest
pain. A witness will nearly always describe pallor.
All these features are rare in embolic TIA. Indeed,
headache and simultaneous chest pain in someone
thought to have had a TIA is virtually diagnostic
of a nonorganic episode unless there is evidence
of aortic or vertebral dissection or gross cardiac
pathology.

Attacks more typical of TIAs or stroke may also
be seen in patients with tumors, AVMs, giant aneu-
rysms, carotid dissection, giant cell arteritis, chronic
subdural hematomas, and metabolic disturbances,
especially early morning hypoglycemia in patients
with diabetes mellitus [6, 10].

In the UK TIA trial, there were a very small
number of tumors whose attacks mimicked TIAs
[15]. These patients had either sensory TIAs, speech
arrest, jerking as part of the TIA, or some alteration
in consciousness, all features which should alert the
clinician.

Carotid dissection may be associated with neck
pain, headache, or orbital pain; there may be a
Horner’s syndrome due to sympathetic nerve damage
by the dilated carotid artery. Focal scalp tenderness
overlying the temporal artery raises the possibility of
giant cell arteritis in those over 50 years with ocular
symptoms, especially ischemic optic neuropathy,
although such patients can have no headache.

There is also a host of other nonatheromatous
conditions which need to be considered in those
with definite stroke and TIA [10, 16] which is
beyond the scope of this chapter.

Summary

Carotid stenting is clearly possible not only at the
bifurcation of the internal and external carotid artery
in the neck, but also at the other sites of narrowing
in the carotid artery and its tributaries. Other common
sites include the common carotid artery (espe-
cially if the patient has had previous radiotherapy
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to the neck), the carotid siphon, and the MCA. The
symptomatology associated with stenoses in these
places will all be similar to those described except,
of course, that retinal attacks will not occur with
MCA stenoses; stenting for MCA disease was
recently reviewed [17, 18].

This chapter has largely dealt with atheromatous
disease at the carotid bifurcation. Other pathologies
such as acute stroke, carotid dissection, fibromus-
cular disease, Moya Moya disease, and Takayasu’s
disease may also affect the large or medium size
vessels but as yet there is no good evidence apart
from anecdotal reports or small series that stenting
has any part in the management of these diseases.

The recent results from CAVATAS comparing
long-term outcome after angioplasty and stenting
with medical treatment for vertebral artery steno-
sis show no added benefit from this intervention
although the numbers were not large. Just because
a treatment is technically possible, therefore one
should not assume it supersedes conventional
treatment without blinded randomized trials [19].
Such comparative studies will need to take into
account the speed with which the intervention
is implemented in view of the recent data from
Rothwell et al. [7, 8].

Key Points

1. TIAs:

* Most are embolic not hemodynamic.

e Usually cause motor, sensory, or speech
problems.

e May result in ipsilateral amaurosis fugax
(monocular).

* Binocular visual loss usually arises from the
occipital cortex.

 Cortical weakness/paralysis may be described
as clumsiness or heaviness.

¢ Isolated TIAs involving the leg are rare.

* Dysphasia localizes to the dominant hemi-
sphere.

* Most TIAs last less than 30 min.

* TIAs lasting more than 1 h carry a higher risk
of stroke.

2. Risk of stroke:
* Can be quantified using the ABCD2 score.

Humphrey

¢ [Is less with ocular TIAs, which have half the
risk of hemispheric TIAs.

* Is bigger for 70-99% stenoses.

e Retinal ischemia and loss of vision can be an
indication for carotid intervention.

e Lacunar TIAs/strokes can present with a
variety of syndromes.

e Lacunar TIAs/strokes are less often associ-
ated with carotid stenosis but it still needs to
be excluded.
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What Is the Evidence for Intervening
in Asymptomatic Patients?

A. Ross Naylor

The truth is rarely pure and never simple
(Oscar Wilde, 1854-1900)

Introduction

The management of asymptomatic carotid artery
disease remains one of the most enduring and
controversial subjects in contemporary vascular
practice. In the 1960s and 1970s, surgeons increas-
ingly subscribed to the popular hypothesis that
by intervening (prophylactically) on patients with
asymptomatic carotid disease, large numbers of
thromboembolic strokes would be prevented [1].
Because the rationale for intervention seemed very
reasonable, the number of carotid endarterecto-
mies (CEAs) performed annually increased dra-
matically [2] to the extent that, in some parts of the
world, interventions in asymptomatic individuals
far exceeded those on symptomatic patients.

By the early 1980s, however, concerns began
to be expressed about the appropriateness of CEA
in symptomatic patients. While these concerns
were, for the most part, allayed by publication
of the European Carotid Surgery Trial (ECST)
and the North American Symptomatic Carotid
Endarterectomy Trial (NASCET) [3, 4], it was
inevitable that the management of asymptomatic
patients would fall under similar scrutiny.

There have been five attempts at undertaking
large-scale, randomized trials to determine the
role of CEA in the management of asymptomatic
disease [5-9]. Three (MACE, CASANOVA, and

the VA study) have not really influenced practice
[5-7]. However, only the Asymptomatic Carotid
Atherosclerosis Study (ACAS) published in 1995
[8] and the Asymptomatic Carotid Surgery Trial
(ACST) which reported in 2004 [9] have signifi-
cantly contributed toward achieving (at least) some
consensus on how best to develop international
guidelines for practice.

The Asymptomatic Carotid
Atherosclerosis Study [8]

Funding

* National Institute of Neurological Disorders and
Stroke (NINDS)

Number Randomized

* One thousand six hundred sixty-two patients (derived
from a screened population of 42,000) in 39 accred-
ited centers involving 117 ACAS credentialed sur-
geons. ACAS recruited from 1987 to 1993

Inclusion Criteria

* Age 40-79 years with an asymptomatic unilateral
or bilateral carotid stenosis >60%

e All patients to undergo formal angiography
(NASCET measurement method)

¢ Independent Neurologist assessment

» Review of prior track record (surgeon)

S. Macdonald and G. Stansby (eds.), Practical Carotid Artery Stenting, 17
DOI: 10.1007/978-1-84800-299-9_3, © Springer-Verlag London Limited 2009
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Exclusion Criteria

e Age >80 years

* Cerebrovascular events in the territory of the ran-
domized artery at any time

e Any cerebrovascular symptoms referable to the
contralateral carotid artery <45 days

* Contraindication to aspirin therapy

e “Any disorder that could seriously complicate
surgery”

* “Any condition that could cause disability or
death <5 years”

Medical Treatment

e Three hundred twenty-five milligram enteric-
coated aspirin daily plus “risk factor modifica-
tion” according to recommendations from the
ACAS Risk Factor Reduction Committee

Surgical Treatment

Formal angiography had to be performed before sur-
gery and the trial recommended that CEA should be
performed within 2 weeks of randomization. Surgical
patients with a postrandomization, presurgery angi-
ogram showing (1) stenosis <60% or (2) a significant
distal abnormality (aneurysm, AV malformation, or
siphon stenosis exceeding the proximal stenosis) did
not undergo surgery, but were retained in the surgical
arm for “‘comparison analyses.”

No attempt was made to standardize choice of
anesthesia, shunt practice, or any other aspect of
surgical technique in ACAS. These factors were
left to the discretion of the surgeon.

Endpoint Analyses

Definition of “Stroke”

* Focal ischemic neurological deficit of abrupt
onset lasting for >24 h

Procedural Risk

The surgeon, the ACAS Neurologist, and the
ACAS Patient Coordinator examined each patient
after 24 h. All strokes or deaths occurring within 30
days after randomization into the surgical arm (42

Naylor

days in the medical group) were deemed as early,
perioperative events.

Primary Endpoint

* Five-year ipsilateral stroke or any perioperative
death/stroke

Secondary Endpoints

* Five-year “any” stroke or any perioperative death/
stroke

* Five-year major ipsilateral stroke or any periop-
erative death/stroke

* Five-year major “any” stroke or any perioperative
death/stroke

* Five-year ipsilateral TIA or stroke or any periop-
erative death/TIA/stroke

Subgroup Analyses

* Males vs. females

* Contralateral occlusion vs. patent contralateral
carotid artery

* Age <68 vs. age 268 years

* Stenosis severity (60-69%, 70-79%, 80—-99%)

Other Analyses of ACAS Data

* Selection process for surgeons

¢ Prevalence of baseline asymptomatic infarction
* Causes of perioperative morbidity and mortality
* Prevalence of recurrent stenosis

Results

This section deals with the primary and secondary
analyses from ACAS involving a median of 2.7
years of follow-up (4,657 patient years).

General Observations

One hundred one out of eight hundred twenty five
patients randomized to surgery did not undergo
angiography or CEA, while 45 patients randomized
to medical therapy underwent CEA during the
course of follow-up without having become symp-
tomatic. The principle reasons for not undergo-
ing surgery were (1) patient refusal (n = 45), (2)
severe cardiac disease (n = 12), (3) patient had
a stroke or died before arteriography or surgery
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(n = 3), (4) ineligible after arteriography (n = 33)
of whom 6 had intracranial abnormalities and 27
had an angiographic stenosis <60%, and (5) other
reasons (n = 8).

Thirty-Day Death/Stroke

Nineteen surgical patients (2.3%) either suffered a
stroke or died in the 30 days after randomization.
As can be shown in Table 3.1, two surgical patients
suffered nonfatal strokes and one died (etiology) in
the postrandomization period, but before undergo-
ing surgery. In addition, five surgical patients either
died (n = 1) or suffered a nonfatal stroke (n = 4) as
a direct consequence of angiography. In the “true”
30-day perioperative period after CEA, ten more
patients suffered a nonfatal stroke, while another
died following a myocardial infarction.

Only three patients in the medical group (0.4%)
died (stroke) or suffered a nonfatal stroke during the
comparable 42-day postrandomization period [8].

Principle Results

Table 3.2 summarizes the primary and second-
ary analyses from ACAS. As will subsequently

become apparent, it is important to be sure that
the same endpoint is being cited when looking at
comparisons with ACST. In summary, ACAS dem-
onstrated a significant reduction in the 5-year risk
of ipsilateral death (including perioperative stroke/
death) in patients randomized to surgery (from 11.0
to 5.1%) and nonsignificant reductions in (1) major
ipsilateral stroke (including perioperative stroke/
death), (2) any stroke (including perioperative
stroke/death), and (3) any major stroke (including
perioperative stroke/death), although each of the
latter three endpoints were trending in favor of
surgery.

Interestingly, the significant reduction in ipsilat-
eral stroke at 5 years remained unchanged if one
excluded the 146 “crossover” patients who did not
receive their allocated treatment.

Accordingly, with a 2.3% procedural risk, CEA
conferred a 5.9% absolute risk reduction (ARR)
in late ipsilateral stroke (compared with medi-
cal therapy). This equates to a 54% relative risk
reduction (RRR), 17 CEAs need to be performed
to prevent one ipsilateral stroke at 5 years, and 59
strokes will be prevented at 5 years by performing
1,000 CEAs.

TaBLE 3.1. Perioperative morbidity and mortality in ACAS [8, 19].

Nonstroke death

Fatal stroke Nonfatal stroke

CEA BMT CEA BMT CEA BMT
Presurgery
Preadmission 1 2
Angiographic 1 4
“Perioperative” 1 (MI) 1 10 2
Total 2 0 1 1 16 2
CEA patients randomized to carotid endarterectomy, BMT patients randomized to best medical therapy
TaBLE 3.2. Common primary and secondary endpoints from ACAS and ACST.
ACAS ACST
Five-year risk of BMT (%) CEA (%) BMT (%) CEA (%)
Ipsilateral stroke + any perioperative 11.0 5.1 (p =0.004) No data published
stroke/death
Major ipsilateral stroke + any 6.0 34 (p=0.12) No data published
perioperative stroke/death
Any stroke + any perioperative stroke/death 17.5 12.4 (p =0.09) 11.8 6.4 (p <0.0001)
Any major stroke + any perioperative stroke/ 9.1 6.4 (p =0.26) 6.1 3.5 (p =0.004)

death

BMT “best medical therapy,” CEA carotid endarterectomy
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Secondary Analyses

These will be presented in conjunction with the
ACST findings.

Other Analyses
Surgeon Selection and Generalizability

During the 6-year period of study, 55 centers
applied to randomize patients but only 39 were
credentialed [10]. Twenty four centers contributed
more than 30 patients, while 13 randomized more
than 50 patients. During the period of trial recruit-
ment (when 1,662 patients were randomized),
the trial centers performed 12,080 CEAs. After
review, 6% of these patients could have been ran-
domized within ACAS, 6% were undertaken on
patients already randomized within ACAS, while
the remainder were (1) undertaken in symptomatic
patients, (2) undertaken in ineligible patients, or
(3) patients of surgeons not collaborating within
ACAS. This suggests that the trial surgeons and
centers were generally randomizing the majority
of eligible patients.

To participate in ACAS, each surgeon had to
submit (for central approval) a track record con-
firming the performance of >12 CEAs per annum.
Thereafter, the surgeon had to demonstrate a
combined 30-day death/stroke rate of <5% for all
indications and a <3% complication rate in asymp-
tomatic individuals [10]. One hundred sixty-four
surgeons applied to be credentialed in order to
randomize patients in ACAS. Seventeen (10%)
were rejected (too few cases or excessive mortality/
morbidity), while a further 30 were not reviewed at
all (insufficient data or because the parent hospital
was not approved). Six of seven rejected institu-
tions failed to qualify as an ACAS randomizing
center because they were unable to provide a sur-
geon who fulfilled the ACAS criteria [10].

Some Observations About ACAS

While ACAS was the first, high-quality randomized
trial to demonstrate that CEA conferred a significant
reduction in late stroke in asymptomatic individu-
als, there were a number of unexpected findings and
some criticisms that merit documenting [11]:

* ACAS showed no evidence that CEA reduced the
risk of disabling stroke. The reduction was only
in nondisabling stroke.

Naylor

e While men benefited significantly from surgery
(ARR = 8%, RRR = 66%), women appeared
to derive no advantage at all (ARR = 1.4% at
5 years, RRR = 17%). This difference is rarely
commented upon when guidelines of practice are
being reviewed (see later).

You had to live 5 years to gain clinical benefit
(the reduction in stroke only became significant
in the fifth year of follow-up), but in some parts
of the United States, the largest proportional
increases in operation rates were observed in
patients aged >84 years [12].

The 5-year data in ACAS were projected. The
median follow-up period was only 2.7 years and
many felt that the trial had probably been stopped
too soon.

There were concerns over the surgeon selection
process (see above) which only allowed highly
experienced surgeons to randomize patients within
the trial. Accordingly, the 2.3% operative risk was
considered (by many neurologists) to be unlikely to
be generalizable into routine clinical practice, i.e.,
in the “real world,” the procedural risk would be
much higher and so negate any long-term benefit.
In ACAS, there was no association between ste-
nosis severity and the long-term stroke risk (in
fact this relationship was inverse). This will be
discussed later.

ACAS was unable to confirm the intuitively held
belief that patients with bilateral severe carotid
disease (especially contralateral occlusion) would
face a higher risk of stroke than patients with uni-
lateral disease if not subjected to CEA.

The Asymptomatic Carotid Surgery
Trial [9]

Funding

e The UK Medical Research Council and the UK
Stroke Association

Number Randomized

e Three thousand one hundred twenty patients
from 126 hospitals in 30 countries. Recruitment
into ACST continued from 1993 to 2003

Inclusion Criteria

* Asymptomatic unilateral or bilateral carotid ste-
nosis 260% on ultrasound



3. What Is the Evidence for Intervening in Asymptomatic Patients? 21

* “Asymptomatic” defined as no ipsilateral symp-
toms within 6 months

* No age range specified

* No need for formal angiography

¢ Independent Neurologist assessment required

* Review of track record (surgeon)

Exclusion Criteria

* Any cerebrovascular events in the territory of the
randomized artery <6 months

* Contraindication to aspirin therapy

e Likely cardioembolic source

* “Any expectation of poor surgical risk”

* “Any major life-threatening condition other than
carotid stenosis”

Medical Treatment

Patients in both groups were to “receive appropriate
medical care, which generally included antiplatelet
therapy, antihypertensive treatment, and, increas-
ingly, lipid lowering therapy” [9].

Surgical Treatment

Formal angiography was not required before CEA
and surgeons were requested to perform surgery
“as soon as possible” after randomization. No
attempt was made to standardize choice of anesthe-
sia, shunt practice, or any other aspect of surgical
technique.

Endpoint Analyses
Definition of “Stroke”

ACST did not specity their definition of a “proce-
dural” stroke, other than clarifying the definition
of stroke severity. A nondisabling stroke was one
where (at 6 months) the modified Rankin score [13]
was 0-2 (ranging from “slight disability” through
to “unable to carry out some previous activities
but with no need for assistance in daily affairs”).
A disabling stroke was where (at 6 months) the
patient had a score of 3-5.

Procedural Risk

Patients undergoing CEA were assessed neurologi-
cally before discharge by the collaborating doctors,
“many of whom were neurologists” [9].

Primary Endpoint

e Five-year “any stroke” including any periopera-
tive death/stroke

Secondary Endpoints

e Five-year fatal or disabling stroke including any
perioperative death/stroke

* Five-year any stroke excluding any perioperative
stroke/death

* Five-year fatal or disabling stroke excluding any
perioperative stroke/death

e Five-year ipsilateral stroke excluding any periop-
erative stroke/death

 Five-year fatal or disabling ipsilateral stroke
excluding any perioperative stroke/death

Subgroup Analyses

* Five-year stroke in males and females excluding
any perioperative stroke/death

e Five-year stroke in <65 years and 65-74 years
excluding any perioperative stroke/death

* Five-year stroke in 60-79% and 80-99% exclud-
ing any perioperative stroke/death

Results

This section deals with the primary and secondary
analyses from ACST involving a mean of 3.4 years
of follow-up.

General Observations

The first observation to make is that the surgeons
in ACST performed CEA with a commendably
low procedural risk (2.8%). Among 1,560 patients
randomized to “immediate” CEA, 50% underwent
CEA within 1 month of randomization, 88% by
1 year, and 91% by 5 years. Among the 1,560
randomized to “deferred” CEA, approximately
4% (per year) underwent ipsilateral CEA. Overall,
201 ““deferred” patients underwent ipsilateral CEA
within 5 years [9]. Of these, only 61 were because
the patient wished to undergo surgery, while the
remainder were for “medical reasons.”

ACST documented temporal changes in what
constituted “best medical therapy” during the
11-year period of recruitment [9, 14]. Antiplatelet
therapy remained fairly constant (1993-1996 =
88%, 2000-2003 = 91%), while the use of antihy-
pertensive therapy increased during the same time
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periods from 61 to 72%, respectively. The most
obvious change in practice, however, related to the
use of lipid lowering therapy (LLT). Only 17% of
ACST patients were on LLT between 1993 and
1996, increasing to 58% of patients in 2000-2003.
Many observers will now consider the latter per-
centage to be still too low, but a 2004 survey of
practice in ACST collaborators suggested that the
proportion of trial patients now receiving LLT had
increased to 90% [9, 14].

Thirty-Day Death/Stroke

The 30-day risk of death/stroke in patients ran-
domized to “immediate” CEA was 2.8%. There
were 15 deaths (stroke = 10, cardiac = 5), 9
disabling strokes, and 16 nondisabling strokes.
The 30-day risk of death/stroke in the 229 patients
undergoing 245 deferred CEAs (i.e., having been
originally randomized to “best medical therapy”)
was 4.5%. Although some of the latter patients
were still asymptomatic, the increased procedural
risk in deferred patients will inevitably reflect the
fact that many of these patients had become symp-
tomatic during follow-up.

All 51 perioperative events occurring in patients
undergoing “immediate” or “deferred” CEA were
spread across 39 randomizing centers with no evi-
dence of clustering of adverse outcomes [9].

Principle Results

Table 3.2 summarizes the primary and secondary
analyses that were common for both ACAS and
ACST. ACST reported a significant reduction in
(1) the 5-year risk of “any” stroke (including any
perioperative stroke/death) and (2) the 5-year risk
of any fatal or disabling stroke (including any
perioperative stroke/death). The latter statistic is
one of the most important findings from the ACST
trial as ACAS (probably because of the smaller
number of patients) did not show any significant
reduction in fatal or disabling stroke. Interestingly,
most of the benefit from CEA (in terms of prevent-
ing “any” stroke) was largely confined to the >800
patients whose prerandomization cholesterol was
>6.5 mmol L™ [9].

Unlike ACAS, ACST has not published any data
on the 5-year risk of ipsilateral stroke which also
included the operative risk. However, the 5-year
risk of ipsilateral stroke (excluding any periopera-
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tive events) was 9.5% for medically treated patients
and 2.7% for those randomized to immediate CEA
(p < 0.0001). Similar data for fatal or disabling
ipsilateral stroke (excluding the operative risk)
were 5.3% for medically treated patients compared
with 1.6% in patients allocated to “immediate”
CEA [9].

Accordingly, with a 2.8% procedural risk,
“immediate” CEA conferred a 5.4% ARR in “any”
stroke at 5 years (compared with medical therapy),
a calculation which does take account of the opera-
tive risk. This equates to a 46% RRR, 19 CEAs
would need to be performed to prevent one stroke
at 5 years, and 53 strokes (of all types) will be
prevented at 5 years by performing 1,000 CEAs.
Using the same procedural risk, 40 CEAs would
need to be performed to prevent one disabling
or fatal stroke at 5 years, increasing to 70 if the
30-day risk of death/stroke increased to 4%.

Secondary Analyses

These will be presented in combination with the
parallel ACAS findings.

Some Observations About ACST

ACST was unusual (compared with ECST,
NASCET, and ACAS) in that most of the pub-
lished cumulative analyses excluded the periop-
erative risk. Accordingly, the reader should bear
this in mind when interpreting ACST data. As
will be seen, this is particularly relevant in the
controversy as to whether women gain as much
benefit as men.

The second discrepancy was the absence of any
cumulative data on the 5-year risk of ipsilateral
stroke (including the perioperative risk). While
ACST had every right to select their own primary
endpoint, it would have been very useful to have
been able to compare the ACST outcomes with
ACAS, especially as almost 10 years had elapsed
between the two publications. Finally, and on a
similar theme, no one has been able to explain
the glaring anomaly in Table 3.2. The two com-
mon endpoints that ACAS and ACST did publish
were the 5-year risk of “any” stroke (including
the perioperative risk). In ACAS, the 5-year risk
of “any” stroke in medically treated patients was
17.5%, falling to 12% in surgically treated patients.
Contrast that with ACST where the 5-year risk
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of “any” stroke in medically treated patients was
now 12%, falling to 6% after CEA. Readers will
be aware that most presentations and commentar-
ies on the asymptomatic trials generally state that
ACAS and ACST published similar findings (i.e.,
surgery reduced the risk of stroke by 50% from
approximately 12% at 5 years to approximately
6%). While this is, to an extent true (yes, both
showed an approximate 50% RRR), but it omits
clarification that the “12%” in ACAS refers to
ipsilateral stroke, while the “12%” in ACST refers
to “any” stroke.

What Were the Recommendations
from the Two Trials?

ACAS [8]

Patients with an asymptomatic carotid artery ste-
nosis of 60-99% and whose general health makes
them good candidates for elective surgery will have
a reduced 5-year risk of ipsilateral stroke if CEA
(performed with a <3% perioperative morbidity
and mortality) is added to aggressive management
of modifiable risk factors.

ACAS [9]

In asymptomatic patients aged <75 with a carotid
diameter reduction of about 70% or more on
ultrasound, immediate CEA halved the net 5-year
stroke risk from about 12% to about 6% (including
the 3% perioperative hazard). Half this 5-year ben-
efit involved disabling or fatal strokes. But, outside
trials, poor patient selection or bad surgery could
obviate such benefits.

Secondary Analyses from ACAS
and ACST

There is no doubt that the appropriateness and
relevance of “subgroup analyses” arouses consider-
able hostility in certain “statistical” quarters. This
is largely because of the potential for inappropriate
interpretation of outcomes in smaller cohorts of
patients from multiple trials that may have not been
powered to make these conclusions.

Notwithstanding this caveat, ACAS and ACST
(themselves) have published a number of sec-
ondary analyses, several of which have impor-
tant implications for practice. These relate to (1)
the impact of age on benefit from “immediate”
CEA, (2) the relevance of gender on benefit from
“immediate” CEA, (3) the impact of contralateral
occlusion on benefit, and (4) does stenosis severity
affect overall benefit. A fifth should have been the
impact of performing CEA with unacceptably high
complication rates (and will therefore be included
in this review).

Why are these particular subgroup analyses
of relevance? The answer is largely because
many of them were independent predictors of
enhanced benefit (for surgery) in symptomatic
patients [15, 16].

Age and Benefit from CEA

In NASCET, symptomatic patients aged >75 years
gained more benefit from CEA than any other age
group [17]. It was, therefore, not unreasonable to
assume that the same might also be true for asymp-
tomatic patients.

In their original publication, ACAS presented out-
comes for patients stratified for age [8]. However,
because ACAS did not randomize patients aged
>80 years, the published data (regarding age) were
somewhat biased and difficult to interpret mean-
ingfully. ACAS observed that in patients aged <68
years, CEA reduced the 5-year risk of ipsilateral
stroke from 11.8 to 4.7% [8]. Parallel data for
patients aged >68 years were 9.7% (on medical
therapy), decreasing to 5.5% in those randomized
to surgery. The difference in overall benefit (with
regard to age) was not statistically significant, but
one does have to recognize the fact that the “older”
analyzed cohort in ACAS was not particularly eld-
erly. It would not, therefore, be reasonable to cite
this ACAS subgroup analysis to justify intervening
on all elderly patients.

By contrast, ACST was able to perform a more
meaningful analysis, primarily because it was a
much larger study with no upper age limit for ran-
domization [9, 14, 18]. ACST observed significant
benefits for surgery in patients aged <65 years and
those aged between 65 and 74, but failed to demon-
strate any significant benefit in patients aged over
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75 years (Table 3.3). When interpreting Table 3.3,
it is important to remember that the data presented
are the 5-year risk of “any” stroke, excluding the
perioperative risk. Accordingly, the 30-day risk of
death/stroke for each age group (available online
[14, 18]) has been included in Table 3.3 for com-
pleteness.

In summary, there is evidence of significant benefit
(for CEA) in the younger patient (<75 years of age).
However, the nonsignificant ARR of +3.3% at 5 years
conferred by CEA in the >75-year-old group is fur-
ther nullified by the 3.7% procedural risk.

Gender and Benefit from CEA

As was highlighted in the section on “Some
Observations About ACAS,” the principle
investigators conceded (from the outset) that
women did not appear to gain significant benefit
from prophylactic CEA [8]. The observed 5-year
risks and ARR/RRR relating to gender in ACAS
are summarized in Table 3.4. At the time, many
surgeons felt that this “lack of apparent benefit”
in women might be due to a statistical error and
most continued to treat males and females as being
of equivalent risk, while awaiting the outcome
of ACST. However, what is often not mentioned
in debates on this subject is that even when the
ACAS data were reanalyzed having excluded all
women who died or suffered a stroke within 30
days, CEA still did not confer significant benefit
in women [19].

Naylor

When ACST reported in 2004, its “banner head-
lines” suggested that any concerns about surgery
conferring less benefit in women were premature.
Unlike its sister trial, ACST reported that imme-
diate CEA conferred significant benefit in males
and females and this conclusion was (uncritically)
accepted by a great many observers [11]. Rothwell
[20] was the first to question the trial’s conclusion
regarding women. He observed that unlike the pri-
mary endpoint, the published ACST data regarding
gender did not include the operative risk. When the
operative risks were later included (2.7% for males,
3.8% for females), all evidence of significant ben-
efit for women disappeared [20].

These seemingly discordant interpretations of
the same data were analyzed in the 2005 Cochrane
Review (Fig. 3.1). Repeating Rothwell’s analyses,
the Cochrane Group combined the ACAS and
ACST data, having included the operative risk and
then stratified for gender. Figure 3.1 shows a very
clear benefit for males in both trials. In males, “best
medical therapy” was associated with a twofold
increase in the 5-year risk of stroke (odds ratio 2.0;
95% CI 1.5-2.8). However, the benefit for women
was much less certain. Figure 3.1 indicates that
both trials (individually) demonstrated reduced
benefit in women as compared with men (i.e., both
were reporting the same trend). When the data for
females were combined (involving some 1,640
patients), medical therapy was associated with
no excess risk of stroke (odds ratio 1.04; 95% CI
0.7-1.6) [21].

TaBLE 3.3. Five-year risk of “any” stroke in ACST (excluding the perioperative risk): impact of age [9, 14, 18].

<65 years 65-74 years >75 years
Medical treatment 9.6% 9.7% 8.8%
Immediate CEA 1.8% 2.2% 5.5%
ARR (95% CI) 7.8% (4.3 to 11.3) 7.5% (4.7 to 10.3) 3.3% (-1.9 to 8.4)
p Value <0.0001 <0.0001 0.21
Thirty-day death/stroke after CEA 2.6% 2.6% 3.7%

TaBLE. 3.4. Five-year risk of ipsilateral stroke (including the perioperative risk) in ACAS stratified for gender [8].

Five-year risk of ipsilateral stroke

Gender n Medical (%) Surgery (%) ARR at 5 years (%) RRR at 5 years (%)
Males 1,091 12.1 4.1 8.0 66
Females 568 8.7 7.3 14 16
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Study Treatment Control Relative Risk (Fixed) Weight Relative Risk (Fixed)
n/N n/N 95% Cl (%) 95% ClI

01 Men

ACAS 18/544 38/547 — 226 0.48[0.28, 0.82]

ACST 41/1021 84/1023 = 50.0 0.49[0.34, 0.70]
Subtotal (95% Cl) 1565 1570 - 72.6 0.49[0.36, 0.66]
Total events 59 (Treatment), 122 (Control)
Test for heterogeneity chi-square=0.01 df=1p=0.94 P=0.0%
Test for overal effect z=4.68 P<0.00001
02 Women

ACAS 15/281 14/287 B 8.3 1.09 [0.54, 222]

ACST 29/539 32/537 —a— 19.1 0.90 [0.55, 1.47]
Subtotal (95% Cl) 820 824 - 27.4 0.96 [0.64, 1.44]
Total events 44 (Treatment), 46 (Control)
Test for heterogeneity chi-square=0.19 df=1 p=0.66 P=0.0%
Test for overall effect z=0.20 p=0.8
Total (95% Cl) 2385 2394 - 100.0 0.62 [0.48, 0.78]
Total events 103 (Treatment), 168 (Control)
Test for heterogeneity chi-square=7.28 df=3 p=0.06 P=58.8%
Test for overall effect z=3.99 p=0.00007

0.2 0.5 1 2 5

Favours treatment

Favours control

Fi1G. 3.1. Cochrane Review of the effect of “immediate”” CEA on the 5-year risk of stroke (including the operative risk)
stratified for gender. From [21]. Copyright Cochrane Collaboration reproduced with permission

The ACST responded to Rothwell’s comments by
publishing updated 6-year results (Table 3.5) which
now included the operative risk [22]. At 6 years, the
ARR in “any” stroke conferred in males by CEA was
6.6% (average 1.1% per annum). This was highly
statistically significant (p < 0.0001). Conversely, in
women, the ARR in stroke at 6 years conferred by
surgery was only 4.0% (i.e., averaging 0.6% per
annum). While there was now a clear trend (favor-

TaBLE 3.5. Updated ACST 6-year risks of “any”
stroke (including perioperative risk) in males and
females [22].

Males Females
Medical treatment 13.9% 11.8%
Immediate CEA 7.4% 7.8%
ARR 6.6% at 6 years  4.0% at 6 years
Average ARR 1.1% 0.6%
per annum
p Value <0.0001 0.07

ing intervention) in females, this was still not sta-
tistically significant (p = 0.07).

Accordingly, it is an indisputable fact that both
trials reported the same trends and, when com-
bined, there is evidence that the magnitude of
benefit in women is clearly much less than that
observed in males. It is, therefore, inappropriate to
continue treating all female, asymptomatic patients
as if they have an equivalent stroke risk to their
male counterparts.

Does Contralateral Occlusion Increase
the Benefit from Intervention?

In the symptomatic trials, the presence of a contral-
ateral occlusion was one of the biggest predictors
of benefit from CEA [16]. Not surprisingly, ACAS
performed a subgroup analysis of the effect of the
status of the contralateral artery [23] to see whether
the same applied to the asymptomatic patient
(Table 3.6).
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TABLE 3.6. Five-year risk of stroke (including perioperative risk) stratified for status of contralateral carotid

artery [23].

Five-year risk of stroke

Surgery (%) Medical (%) ARR (%) Operative risk (%)
60-99% stenosis with contralateral occlusion 5.5 3.5 -2.0 2.3
60-99% stenosis with no contralateral occlusion 5.0 11.7 +6.7 2.2

Table 3.6 summarizes their findings. Contrary to
expectation, the presence of a contralateral occlu-
sion was not associated with increased benefit fol-
lowing surgery. Indeed, it may have been associated
with harm (ARR =-2.0% at 5 years). This apparent
lack of benefit was not due to an excess procedural
risk, which was only 2.3% in patients with contral-
ateral occlusion as compared with 2.2% in patients
with a patent contralateral carotid [23].

Does Increasing Stenosis Severity
Increase the Benefit from Intervention?

Subgroup analyses in the symptomatic tri-
als showed very clearly that as stenosis severity
increased so too did the benefit conferred by CEA
[16]. However, once again, this association was
not demonstrated (individually) in either ACAS or
ACST or following the Cochrane Review of both
trials [21].

Is the Surgeon a “Risk Factor” for an
Adverse Outcome?

It is an uncomfortable observation that the surgeon
can be an important risk factor for an adverse out-
come following carotid surgery. Both ACAS and
ACST concluded that CEA conferred long-term
benefit, but only if the 30-day risk of stroke/death
was <3%. This “risk threshold” in the asympto-
matic patient is now one of the cornerstones of the
American Heart Association Guidelines [24]. More
importantly, if the procedural risk exceeds 4%, all
long-term benefit (in terms of stroke prevention)
ceases [25].

Unfortunately, published reports from the “real
world” suggest that this guideline is not being
adhered to. The available evidence suggests that
many hospitals and surgeons are performing CEA
(and more recently carotid angioplasty with stent-

ing — CAS) in asymptomatic patients with pro-
cedural risks well in excess of 3%, with little
evidence that practice is being changed, i.e., audit
does not seem to be happening in the true sense of
its definition.

Table 3.7 presents a selection of published out-
comes following both CEA and CAS in asympto-
matic patients. The intention of Table 3.7 is not to
suggest that practitioners of either CAS or CEA
publish worse outcomes, but simply to highlight
the worrying discrepancies between what is recom-
mended in guidelines [24] and what is happening
“in the real world” by practitioners of both treat-
ment options. Interestingly, none of the constituent
studies detailed in Table 3.7 ever considered that
their published risks might be in excess of accepted
standards.

Is There Such a Thing as a “High-Risk”
Asymptomatic Patient?

Inevitably, the answer will be “yes,” but (for the
moment) we just do not know who they are.

The question, however, is now very topical
because of the emergence of “high-risk” CAS
registries which were a direct consequence of
the SAPPHIRE trial [26]. SAPPHIRE chose to
randomize patients deemed “high risk” for CEA.
A cohort of 307 patients (derived from an eligible
pool of 723) was randomized between CAS using
a protection device and CEA. Notwithstanding
the many criticisms of this trial [27], the key issue
to have emerged in the ensuing debate regarding
“how best to treat asymptomatic patients” was the
crucial importance of differentiating between being
“high risk” for CEA and “high risk” for stroke.

SAPPHIRE [27] reported a 30-day death/stroke
rate of 5.8% following CAS in their asymptomatic
patients (who made up >70% of the overall trial
cohort) compared with 6.1% following surgery
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TaBLE 3.7. Evidence that CEA and CAS may be being
performed out with recommended “risk thresholds”.

Thirty-day

Study Intervention  death/stroke (%)
Global registry [28] CAS 1.8%
ACAS [8] CEA 2.3
ACST [9] CEA 2.8
USA: Multistate CEA 3.8

audit 2004 [30]
Global registry [28] CAS 4.0
Canada: Toronto [31] CEA 4.0
USA: Multistate CEA 4.1

audit 2001 [32]
Twelve audited CEA 4.6

series [33]
Canada: Edmonton [34] CEA 5.2
ARCHEeR [29] CAS 6.6%4
SAPPHIRE [26] CAS 5.8ud
SAPPHIRE [26] CEA 6.14
PASCAL CAS 7.5¢

(unpublished data)
AHA guidelines [24] CEA <10 acceptable

for recurrent carotid
stenosis

*Protected CAS

"Unprotected CAS

‘Systematic review of 12 published series where all CEA
patients were independently reviewed by neurologists

dTrials including patients deemed “high risk” for CEA

(Table 3.7). While their main conclusion was that
“CAS was not inferior to CEA,” nowhere in this
debate did anyone concede that at these levels of
risk, none of their patients (CAS or CEA) would
ever achieve any long-term benefit in terms of
stroke prevention [28].

SAPPHIRE spawned a proliferation of “high-risk”
stent registries whose aim was to demonstrate that
outcomes using a different corporate stent or protec-
tion device were comparable to those achieved in
SAPPHIRE. Few registries have published in peer-
reviewed journals, most preferring to release their
data via a variety of internet-based Web sites. One
registry which did submit its data to peer review was
ARCHeR [29]. In the concluding sentence of the
abstract, the authors state that “the ARCHeR results
demonstrated that extracranial carotid artery stenting
with embolic filter protection is not inferior to histori-
cal results of endarterectomy and suggest that carotid
artery stenting is a safe, durable and effective alterna-
tive in high surgical risk patients.” When you actually
read the chapter, this statement is somewhat difficult

to reconcile with the fact that the 30-day death/stroke
rate in their asymptomatic cohort was 5.4%. To this
observer, ARCHeR and many of its sister publica-
tions have shown little in the way of evidence that any
of these so-called “high risk for CEA” patients ben-
efited from any sort of intervention at all. Moreover,
how can it remain acceptable for the American Heart
Association to allow surgery (and thus by implication
CAS) to be performed for an asymptomatic restenosis
after CEA with a recommended threshold of proce-
dural risk of <10% [24]?

Not least because of the current intensity of the
debate, the concept of the “high-risk” patient is
very important to resolve. One day, we will learn
what biochemical, imaging, and other associated
markers can reliably identify a patient/plaque as
being “high risk for stroke.” When that day dawns,
it may then become perfectly reasonable to “raise
the threshold” of acceptable risk in patients under-
going CEA and CAS. But not until then!

Key Points: How Have the
Asymptomatic Trials Influenced
My Own Practice?

e The first priority (for any service) has to be the
rapid treatment of symptomatic patients.
If it takes >4 weeks to schedule CEA/CAS in
otherwise fit, symptomatic patients, it is dif-
ficult to justify treating myriads of lower-risk
asymptomatic patients. Many more strokes will
occur in your symptomatic patients while they
wait for their intervention.

I am happy to undertake prophylactic CEA in

“standard-risk” asymptomatic males if they are

aged <75 years, or females <70 years, provided

our audited procedural risks remain <3%.

e[ am unconvinced that the older (>75 years)
asymptomatic patient requires any intervention
other than “best medical therapy.” I would,
however, be happy to concede that this may be a
“gray area” and hence would be happy to rand-
omize these patients in a trial.

e ] also remain cautious about submitting any
other “high risk for CEA” asymptomatic patients
to any intervention (e.g., those with radiation
arteritis, restenosis after CEA, severe pulmonary/
cardiac disease, etc.), although it is conceded that
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each case has to be considered on its individual
merits.

* However, surgeons or interventionists who
do advocate treatment of “high risk” for CEA
patients still have to adhere to the guideline that
their procedural risks should not exceed 3%.
Unlike in the symptomatic patient, there is cur-
rently no evidence that this risk threshold should
be increased in asymptomatic patients.

e I remain uncertain about the conflicting data
regarding whether asymptomatic patients with
contralateral occlusion are at higher risk of stroke
if treated medically. Intuitively, one feels that
they should face a higher risk of stroke if left on
“best medical therapy.” At present, this author
still considers them for surgery.

* ACAS and ACST showed that the predictors of
benefit were very different compared with ECST
and NASCET. Predictors of maximum benefit in
the symptomatic trials were (1) age >75 years,
(2) contralateral occlusion, and (3) incremental
stenosis severity but not subocclusion. None of
these were predictive of significant benefit in
asymptomatic patients.
Some authorities view ACAS and ACST as being
“out of date” and that advances in CAS and CEA
render them obsolete. I would counter that if
these trials were to be repeated today, with the
major advances in “best medical therapy,” it is
likely that the benefit conferred by surgery (and
thus by implication CAS) will be very much less
and possibly nonexistent.
Finally, it should be clear that there are many
more unresolved issues regarding the manage-
ment of the asymptomatic patient than their
symptomatic counterparts. The author urges col-
leagues and readers to randomize patients into
one of the four ongoing asymptomatic trials,
so that science (rather than dogma or intuition)
finally determines practice regarding effects due
to age, gender, and contralateral occlusion and
whether CAS is superior/equivalent to CEA.

References

1. Thompson J.E., Patman R.D., Talkington C.M.
Asymptomatic carotid bruit: Long term outcome
of patients having endarterectomy compared with
unoperated controls. Ann Surg 1978;188:308-316.

2. Hsai D.C., Krushat W.M., Moscoe L.M.
Epidemiology of carotid endarterectomy among

10.

11.

13.

14

15.

16.

Naylor

Medicare beneficiaries: 1985-1996 update. Stroke
1998;29:346-350.

. European Carotid Surgery Trialists’ Collaborative

Group. MRC European Carotid Surgery Trial:
Interim results for symptomatic patients with severe
(70-99%) or with mild (0-29%) stenosis. Lancet
1991;337:1235-1241.

. North American Symptomatic Carotid Endarterectomy

Trial Collaborators. Beneficial effect of carotid endar-
terectomy in symptomatic patients with high grade
stenosis. N Engl J Med 1991;325:445-453.

. Mayo Asymptomatic Carotid Endarterectomy Study

Group. Effectiveness of CEA for asymptomatic
carotid stenosis: Design of a clinical trial. Mayo
Clin Proc 1989;64:897-904.

. The Casanova Study Group. Carotid surgery versus

medical therapy in asymptomatic carotid stenosis.
Stroke 1991;22:1229-1235.

. Hobson R.W., Weiss D.G., Fields W.S., The VA

Co-operative Study Group. Efficacy of carotid
endarterectomy for asymptomatic carotid stenosis.
N Engl J Med 1993;328:221-227.

. Executive Committee for the Asymptomatic Carotid

Atherosclerosis Study. Endarterectomy for asymp-
tomatic carotid artery stenosis. JAMA 1995;273:
1421-1461.

. Asymptomatic Carotid Surgery Trial Collaborators.

The MRC asymptomatic carotid surgery trial
(ACST): Carotid endarterectomy prevents disa-
bling and fatal carotid territory strokes. Lancet
2004;363:1491-1502.

Moore W.S., Vescera C.L., Robertson J.T., Baker
W.H., Howard V.J., Toole J.F. Selection process for
surgeons in the asymptomatic carotid atherosclero-
sis study. Stroke 1991;22:1353-1357.

Naylor A.R. The asymptomatic carotid surgery
trial: Bigger study, better evidence. Br J Surg
2004:91:787-789.

. Huber T.S., Wheeler K.G., Cuddeback J.K., Dame

D.A., Flynn T.C., Seeger J.M. Effect of the asympto-
matic carotid atherosclerosis study on carotid endar-
terectomy in Florida. Stroke 1998;29:1099-1105.
Van Swieten J.C., Koudstaal P.J., Visser M.C.,
Schouten H.J., van Gijn J. Inter-observer agreement
for the assessment of handicap in stroke patients.
Stroke 1988;19:604-607.

ACST Web site. http://www.sgul.ac.uk/static/sur-
vey/acst.

Naylor A.R., Rothwell PM., Bell PR.E. Overview
of the principal results and secondary analyses
from the European and the North American ran-
domised trials of carotid endarterectomy. Eur J Vasc
Endovasc Surg 2003;26:115-129.

Naylor A.R. An update on the randomised trials of
interventions for symptomatic and asymptomatic


http://www.sgul.ac.uk/static/sur-vey/acst
http://www.sgul.ac.uk/static/sur-vey/acst

3. What Is the Evidence for Intervening in Asymptomatic Patients? 29

17.

19.

20.

21.

22.

23.

24.

25.

carotid artery disease. [tal J Vasc Endovasc Surg
2006;13:111-120.

Alamowitch S., Eliasziw M., Algra A., Meldrum
H., Barnett H.J.M. for the NASCET Trial. Risk,
causes and prevention of ischaemic stroke in elderly
patients with symptomatic internal carotid artery
stenosis. Lancet 2001;357:1154-1160.

. http://image.thelancet.com/extras/04art3083

webtable.pdf.

Young B., Moore W.S., Robertson J.T., Toole J.F.,
Ernst C.B., Cohen S.N. et al. An analysis of peri-
operative surgical mortality and morbidity in the
asymptomatic carotid atherosclerosis study. Stroke
1996;27:2216-2224.

Rothwell PM. ACST: Which subgroups will ben-
efit most from carotid endarterectomy. Lancet
2004;364:1122-1123.

Chambers B.R., Donnan G.A. Carotid endarterec-
tomy for asymptomatic carotid stenosis. Cochrane
Database of Systematic Reviews 2005, Issue 4.
Art. No.: CD001923. DOI 10.1002/14651858.
CD001923.pub2.

ACST Writing Committee. Authors reply. Lancet
2004;364:1125-1126.

Baker W.H., Howard V.J., Howard G., Toole J.F,,
for the ACAS Investigators. Effect of contralateral
occlusion on long term efficacy of endarterectomy
in the asymptomatic carotid atherosclerosis study.
Stroke 2000;31:2330-2334.

Biller J., Feinberg W.M., Castaldo J.E., Whittemore
A.D., Harbaugh R.E., Dempsey R.J. et al. Guidelines
for carotid endarterectomy: A statement for health-
care professionals from a special writing group of
the Stroke Council, American Heart Association.
Stroke 1998;29:554-562.

Barnett H.J., Eliasziw M., Meldrum H.E., Taylor D.
Do the facts and figures warrant a 10-fold increase

26.

27.

28.

29.

30.

31.

32.

33.

34.

in the performance of carotid endarterectomy on
asymptomatic patients? Neurology 1996;46(3):
603-608.

Yadav J.S., Wholey M.H., Kuntz R.E., Fayad P,
Katzen B., Mishkel M.R. et al. for the SAPPHIRE
Investigators. Protected carotid artery stenting ver-
sus endarterectomy in high-risk patients. N Engl J
Med 2004;351:1493-1501.

Naylor A.R. SAPPHIRE: Precious gem or fool’s
gold? Vasc Dis Manage 2006;3:346-349.

Wholey M.H., Al-Mubarak N., Wholey M.H.
Updated review of the Global carotid artery stent
registry. Catheter Cardiovasc Interv 2003;60:
259-266.

Gray W.A., Hopkins L.N., Yadav S., Davis T.,
Wholey M., Atkinson R. et al. Protected carotid
stenting in high surgical risk patients: The ARCHeR
results. J Vasc Surg 2006;44:258-269.

Kresowik T.E., Bratzler D.W., Kresowik R.A., Hendel
ME., Grund S.L., Brown KR. et al. Multistate
improvement in process and outcomes of carotid
endarterectomy. J Vasc Surg 2004;39:372-380.
Kucey D.S., Bowyer B., Iron K., Austin P,
Anderson G., Tu J.V. Determinants of out-
come after carotid endarterectomy. J Vasc Surg
1998;28:1051-1058.

Kresowik T.F., Bratzler D.W., Karp H.R., Hemann
R.A., Hendel M.E., Kresowik R.A. et al. Multistate
utilization processes and outcomes of carotid endar-
terectomy. J Vasc Surg 2001;33:227-235.

Bond R., Rerkasem K., Rothwell P.M. High morbid-
ity due to endarterectomy for asymptomatic carotid
stenosis. Cerebrovasc Dis 2003;16(Suppl):65.
Wong J.H., Findlay J.M., Suarez-Almazor M.E.
Regional performance of carotid endarterectomy:
Appropriateness, outcomes and risk factors for com-
plications. Stroke 1997;28:891-898.


http://image.thelancet.com/extras/04art3083 webtable.pdf
http://image.thelancet.com/extras/04art3083webtable.pdf

4

Carotid Artery Stenting. First Steps:
Training, Support, and Proctorship

Gerard Stansby and Sumaira Macdonald

Introduction

Percutaneous carotid interventions are a rapidly
emerging treatment modality, accompanied by
rapid technological and methodological develop-
ment. There is now a large evidence base for the
procedure, by which individual results can be
compared and judged, in relation to acceptability
of outcome measures and complications. In the
contemporary setting, in most countries, it is no
longer acceptable for practitioners to start on new
procedures without some form of training and, ide-
ally, accreditation.

For carotid interventions, the debate has been
further complicated by the fact that several disci-
plines have been involved with its development
to date — vascular surgeons, neurosurgeons, inter-
ventional radiologists, and cardiologists. When
regarded as an experimental procedure, it was
perhaps acceptable for individuals to construct
their own training and move into the field when
they felt it appropriate. This may not now be the
case in many countries. An experimental procedure
(also sometimes referred to as an investigational
procedure) is usually considered to be one which
has not been accepted into clinical practice and has
not been critically assessed in peer-reviewed medi-
cal literature or academic meetings. A procedure is
not experimental if sufficient studies are available to
prove its efficacy and safety. Carotid artery stenting
(CAS) in general, by these definitions, can no longer
be regarded as experimental. A procedure cannot
be classified as “experimental” or “investigational”

simply because of the inexperience of the practi-
tioner or institution.

An additional factor to be considered is whether
training in percutaneous carotid interventions
should be solely consultant based or whether, in
some form, it should be included in junior training
programs. The transferable skills will differ con-
siderably depending on the background speciality
of the operator concerned. As CAS continues to
expand, it seems likely that an integrated training
program across specialities leading to accreditation
will be essential.

General Principles

Prior to developing a training program in CAS, the
aims of the program must be clear. The key ques-
tions/options are:

1. Isthe aim to produce a practitioner able to inde-
pendently deliver safe and effective therapy at
the end of the training period?

2. Is the aim to give a solid grounding to the practi-
tioner such that they can subsequently develop to
the point of being a safe independent operator?
Such training may only involve some aspect of
the procedure, either theoretical or practical.

In our view, no standalone program can offer
option 1 unless it is accompanied by a system of
subsequent mentoring or proctorship. These and
other terms are used with variable meanings on
occasion and so, for the purposes of this chapter we
now include some definitions of relevant terms.
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Key Definitions

Competence. Competence is the minimum level of
skill, knowledge, and/or expertise, derived through
training and experience, required to safely and pro-
ficiently perform a task or procedure. Successful
completion of any one or more training compo-
nents or objectives does not necessarily signify
an individual’s overall clinical competence in a
specific procedure or technique.

Credentials. Credentials are documents pro-
vided following successful completion of a period
of education or training. When acceptable for
recognition of competence, this is often referred
to as accreditation. In some countries such as the
USA, this may lead to the awarding of Clinical
Privileges, which is authorization by a local insti-
tution (usually a hospital) to perform a particular
procedure. In other countries, accreditation at a
local level (or even national) may not exist.

Courses. A course is a limited period of instruc-
tion with defined objectives designed to educate
participants in clinical skills, techniques, or proce-
dures. Course structure and duration will necessar-
ily vary according to the course objectives which
should be stated. Ideally, the successful comple-
tion of the objectives can be quantitatively and/or
qualitatively assessed. The faculty (teachers) must
be appropriately clinically trained and experienced
themselves. Sponsorship or links with the industry
must be clearly declared.

Training program. This is a longer-term
approach to training which may include attend-
ance at courses, but also follows a curriculum
which includes stated learning components and
outcomes and includes assessment and feedback.
The duration of training should be sufficient for an
individual to acquire the desired level of perform-
ance, preferably based on objective measures. A
training program should regularly evaluate the
degree to which its goals are being met through a
formal assessment process. Such evaluation should
be ongoing and systematically documented and
include faculty evaluation by trainees.

Mentoring. This is a form of teaching that
includes working alongside the person concerned,
allowing them to learn from your example. It is
about giving help and support in a nonthreatening
way, in a manner that the recipient will appreciate and
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value which will empower them to move forward
with confidence toward what they want to achieve.
It is an important adjunct to most clinical training
programs.

Proctorship. Traditionally, a proctor is a person
who supervises or monitors students. In the context
of CAS, training a proctor differs from a mentor
or a preceptor in that they act as an observer and
evaluator rather than directly participate in patient
care. A proctor should be free of perceived or
actual conflicts of interest and should be prepared
to confidentially document their opinions includ-
ing the number and type of procedures observed.
The issue of whether and to what extent a proctor
should intervene in a procedure is a complex issue.
Certain clinical situations, or ethical concerns, may
dictate that the proctor feels obliged to intervene or
assist directly in a procedure which is going badly.
However, such involvement will necessarily result
in a duty of care to the patient and may have medi-
colegal implications.

Preceptor. This is an expert who undertakes
to impart his/her clinical knowledge and skills
in a defined setting to a preceptee. The relation-
ship over a period of time is often referred to
as a preceptorship. To serve as a preceptor in a
specific procedure or technique, the individual
should be a recognized authority in the particular
field of expertise. The preceptorship must have
stated objectives and is usually more intensive than
simple clinical supervision. The objectives must
include a program outline and a proposed list of
tasks and skills to be addressed during the training
period. The preceptor must document in writing
both qualitative and quantitative descriptions of
the trainee’s experiences. Some of the roles of a
preceptor may overlap with those of a mentor. In
general, the relationship with a mentor is over a
longer time period and involves aspects of personal
development as well as the development of profes-
sional or technical skills.

The Skill Requirements for
Training in CAS

Training physicians from multiple specialities in
the necessary cognitive and technical skills for
carotid angiography and CAS present specific
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challenges, because vascular surgeons, interven-
tional radiologists, and interventional cardiologists
all have acquired very different skill sets in prior
training.

Schneider [1] has defined five cognitive areas
required for successful training in CAS. These are:

1. Understanding the behavior of atherosclerotic
lesions of the carotid arteries

2. A broad understanding of the management
options and long-term outcomes of various medi-
cal, endovascular, and surgical treatments

3. Experience with angioplasty and stenting of
other arteries

4. Experience with assessment and management
of arch anatomy, selective carotid catheteriza-
tion, and carotid angiography

5. The ability to evaluate cerebral vasculature and
use a cerebral protection device

In addition, we feel that an important additional
requirement is the ability to work within a multi-
disciplinary team structure, and to possess adequate
mechanisms for follow-up and audit. Brooks et al.
[2] have suggested that the low number of neurologic
complications observed in their series was partially
a result of the presence of a “cerebral endovascular
team” comprised of neurosurgeons possessing skills
in endarterectomy and catheter techniques, experi-
enced interventional cardiologists and neurologists.
In terms of training programs, a unit must have suf-
ficient throughput to enable training to proceed in a
timely and seamless way.

The recent (2005) SCAI/SVMB/SVS clinical
competence statement described requirements for
CAS training in terms of cognitive, technical,
and clinical requirements [3]. Cognitive aspects
included clinical knowledge of cerebrovascular
diseases, natural history, diagnostic methods, and
treatment alternatives. It also includes case selec-
tion, knowledge of anatomy, and role of follow-up.
Technical requirements hinge around minimum
numbers of procedures required to achieve com-
petence. This is stated as 30 cervicocerebral angi-
ograms and 25 CAS procedures, half as primary
operator. Clinical requirements include the ability
to manage inpatient and outpatient care and to
obtain appropriate consent [3]. Ideally, individu-
als should be adequately trained in all these areas
before undertaking CAS.

The Learning Curve

The concept of a learning curve for CAS procedures
is an important one for training and accreditation.
It may also influence the interpretation of clinical
trial results. Clearly, those participating in clinical
trials should not be in the earlier stages of a learn-
ing curve. But how many cases does this require?
Indeed, one common criticism of CAS trials is that
they are performed by expert participants and the
results may not be applicable to a “real-world” set-
ting. Of course, the same arguments were leveled
at carotid endarterectomy when it was evaluated in
“landmark” trials. For example, surgeons operating
within the ACAS trial were carefully selected; 40%
of surgeon applicants were turned down on the
basis of their adverse event rate or poor throughput
[4]. Alberts and Smith [5] were the first to report
that learning curves might present problems in
CAS trial design. Others have also suggested that
complications are worse with less experienced
operators [6-8]. However, in a recent Cochrane
Review of CAS, it was not possible for the authors
to analyze specifically whether there was a learn-
ing curve, because individual patient data were not
available [9]. To date, clinical trials such as the
ICSS have influenced training requirements and
methodologies in some countries [9].

Clearly, for training purposes, a minimum num-
bers of procedures “required” would be a useful
concept. To be robust, however, the number would
need to be based on evidence.

The risk of stroke and death was analyzed by
center experience within the original trial compar-
ing endovascular carotid intervention (at that time
carotid angioplasty) with CEA and CAVATAS
[10]. The stroke rate fell significantly with increas-
ing center experience, in both limbs of the trial.

An early paper from angiologists reported the
impact of learning curve success rate and com-
plications of carotid stenting in a single center,
with one physician performing unprotected CAS
with routine predilatation and stents adapted from
peripheral platforms (i.e., the rolling membrane
Wallstent, a nondedicated carotid stent) [11].
Three hundred twenty internal carotid arteries were
treated in 301 patients with carotid stenoses >70%.
Four groups of 80 consecutive interventions were
compared with regard to primary technical success
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and periprocedural complications. Stenting was
successful in 298 (93%) arteries. The combined
neurological complications (transient ischemic
attacks and all strokes) and 30-day death rate were
8.2% (n = 25), but the all stroke and 30-day death
rate were 3.0% (n = 9). A significant reduction
in the frequency of neurological complications
after the initial 80 interventions was observed
(p = 0.03), but technical success was not appreci-
ably improved with increasing experience thereaf-
ter. It was concluded that a relatively large number
of interventions (i.e., 80) should be performed to
overcome the negative effects of the initial learn-
ing phase.

Lin et al. [12] (vascular and endovascular sur-
geons) described their experience in 200 more
contemporary consecutive cases undergoing pro-
tected CAS cases (182 patients). Technical success
and postprocedure complications were the main
outcome measures, compared in four sequential
groups of 50 procedures. Demographics, clinical
indications, and risk factors were similar between
the groups. Contrast load and procedures times
decreased and complications were lower in the
latter three cohorts. The 30-day stroke and death
rate was 8% in the first cohort, 2% in the second,
and zero in cohorts 3 and 4. This would suggest a
learning curve of 50 procedures and it is somewhat
surprising that the number of patients comprising
the learning curve for CAS would be lower for
unprotected than that for protected CAS, as protec-
tion devices come in many shapes and forms and
each has its own specific learning curve.

Learning curve for CAS may be influenced by
the speciality of the operator. In a recent pub-
lication, two periods of CAS experience were
analyzed by vascular surgeons performing CAS:
2001-2003 in which 195 procedures were per-
formed and 2004-2006 in which 432 procedures
were performed [13]. The authors stated that
the “significant decrease in the overall stroke/
death rate between the first and the last interval
of the study period enhances the importance of
an appropriate learning curve that involves a
caseload larger than that generally accepted for
credentialing.” It is not clear whether the very
lengthy learning curve here reflects the fact that
these were “classically trained” vascular sur-
geons, presumably without prior formal training
in catheter/guidewire techniques.
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The CASES-PMS study (Carotid Artery
Stenting with Emboli Protection Surveillance—
Postmarketing Study) which included 73 differ-
ent clinical sites examined whether physicians
with varying carotid stent experience could obtain
comparable efficacy and safety to those obtained
within the SAPPHIRE trial [14, 15]. One thousand
four hundred ninety-three patients were enrolled;
78.2% were asymptomatic. Centers were included
with low (<30), medium (30-100), and high (>100)
annual carotid stent volumes. Physicians were also
classified into training levels based on number of
procedures previously completed and completion
of the CASES (Carotid Artery Stenting Education
System) program. Level 1 was exempt from train-
ing having performed >25 CAS procedures and
>10 with the AngioGuard XP protection device,
level 2 had also performed >25 CAS but <10 with
the AngioGuard XP protection device, and level
3 had performed <25 CAS procedures and under-
went full CASES training. There were no differ-
ences in technical- or device-related success by
training level. Major adverse events were similar
to those in the SAPPHIRE trial (3.5% combined
death, stroke, and myocardial infarction). Again,
these were similar across training levels, carotid
stent volumes, and type of institution (academic vs.
nonacademic) [14].

The CAPTURE registry was a requirement for
the FDA approval of the RX Acculink Carotid
Stent and Accunet Embolic Protection System
(then Guidant, now Abbott Vascular) [16-18].
Three thousand five hundred patients were enrolled
at 144 sites by 353 physicians with varying back-
grounds and experience. One third of the operators
had no prior carotid stenting experience and under-
went certification training before participating in
the study. Interestingly, only 13.8% of patients
were symptomatic. The overall 30-day stroke and
death rate was 5.7% (10.6% symptomatic patients,
4.9% asymptomatic patients). Physicians were
classified as levels I, II, and III [18]:

e Level I. Previous CAS experience including 5 as
primary operator using RX Acculink CAS system

e Level II. Ten carotid stent procedures as primary
operator

e Level I1I. Adequate interventional experience (25
carotid angiograms and 10 peripheral stent proce-
dures and 10 procedures with 0.014” systems).
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8.1% of patients were enrolled by a level I physi-
cian, 67.9% by a level II physician, and 24.0% by a
level III physician.

All participants underwent training organized by
the manufacturer, including hands-on practice with
the device. Less experienced operators underwent
a structured 2-day carotid training program of
didactic sessions, case reviews, and hands-on and
simulator training focused on clinical management,
imaging, and procedural education [15]. After
training, clinical specialists (from Abbott Vascular)
supported the first three cases. The availability of
proctoring by an experienced physician was also
addressed as needed or requested [18].

In terms of the main outcome of 30-day death
and stroke rate, there was a trend for better results in
more experienced physicians (levels I = 4.6%, I =
5.4%, and III = 6.9%) but this did not reach statistical
significance [18]. One major confounding variable
was the difference in patient population treated; less
experienced physicians treated fewer symptomatic
patients. However, the authors’ conclusions were that
the training program used was effective [15].

The educational programs arranged for the
CASES-PMS study and CAPTURE registry high-
light the potential impact of dedicated training
programs on outcomes for CAS.

In our view, the published data do not allow a
precise quantification of the length of the CAS
learning curve. This is particularly because much
of the data available to date are from randomized
trials which inevitably involve senior and more
experienced operators rather than trainees, and also
because of the need to consider prior experience
in trainees from different backgrounds. However,
the data do perhaps support the cautious statement
that 25-50 procedures seem to represent the entry
requirement for CAS within randomized trials.
Notably, 85% of operators performing CAS within
EVA3S had performed <50 cases [19].

Simulators in CAS Training

Virtual reality (VR) simulation has been extensively
used as a training method in fields such as aviation
and laparoscopic surgery [20]. In procedures such
as CAS where basic skills, such as the manipula-
tion of a wire in three dimensions, are required,
it may be possible to acquire these skills more

rapidly using simulators of various sorts. These
may be particularly appropriate for those, such
as surgical trainees, without prior experience in
endovascular skills [21]. The essential aim is to
reduce the learning curve when the techniques are
applied to real patients [22]. Traditional clinical
teaching may be too time consuming to be consid-
ered feasible in many units, especially with a reduc-
tion in the number of diagnostic procedures being
performed. There are also ethical issues concerned
with letting inexperienced physicians “practice” on
patients in an area such as CAS where there may be
a narrow margin of benefit (asymptomatic patients)
and potentially catastrophic outcomes.

In addition, a simple quantification of the
number of procedures performed and the duration
of training is only a crude measure of operator pro-
ficiency. VR simulators may provide a standard-
ized mechanism to assess post-training skills. Such
systems may also allow an objective measurement
of the attainment of such skills over time [21].
The options for simulation include live animal
operating, cadaver-based procedures, mechanical
models, and computer-based VR models. Animal
models and cadaver-based training do not appear
to have been widely used in CAS training courses
to date and mechanical models probably lack the
sophistication required. However, VR simulators
are expensive and access to them has also not been
widespread to date in many units.

Chaer et al. [21] compare two groups of surgi-
cal trainees with and without exposure to training
on a VR simulator. They used the Procedicus
VIST system (Mentice Corporation, Gothenburg,
Sweden) which utilizes software producing a three-
dimensional representation of the arterial system
coupled to a module utilizing a force feedback
system allowing the use of standard catheters and
guidewires, injection of contrast, deployment of
stents, etc., with a simulated fluoroscopic dis-
play. Simulation led to improvement in almost all
measures of individual performance. Aggarwal
et al. [23] have described the performance of the
VIST simulator in allowing surgeons with minimal
endovascular experience to improve catheter skills.
The authors suggest that such a VR system could
be useful in reducing the early part of the learning
curve. It was also seen to differentiate between
different levels of prior experience and its use may
result in lower fluoroscopic time [24].
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The importance of such systems has been high-
lighted by the approval of CAS by the US Food
and Drug Administration (FDA), leading to an
increased number of physicians from different
disciplines wishing to be trained in the procedure.
The FDA has subsequently endorsed the use of VR
simulators as part of training.

A learning curve can also be demonstrated in VR
simulators [22]. Patel et al. used the VIST simula-
tor (Mentice Corporation, Gothenburg, Sweden) to
study performance in 20 cardiologists in a carotid
angiography training program. After training, five
simulated procedures were performed, with measur-
able improvements in procedure time, contrast load,
and catheter-handling errors. However, similar studies
are needed with trainees from other specialities.

Finally, as well as allowing basic training, VR
simulators may also allow case planning and take
even experienced operators through some of the
less common scenarios which can potentially lead
to complications in advance of a real case [25].
In the future, it is likely that the sophistication of
simulators will increase. In the very near future,
they will be able to provide ongoing monitoring
of performance, and simulate rarer but important
anatomical variants and technical mishaps. It is
likely that they will become essential components
of most training programs.

Published Guidelines on Training
and Accreditation in CAS

In 2005, the AAN/AANS/ASITN/ASNR/CNS/SIR
guidelines gave guidance on training requirements
before the independent performance of CAS [26].
It defined 100 supervised cerebral angiograms and
either 25 noncarotid stents, 4 supervised CAS pro-
cedures, and 16 h of CME, or 10 supervised CAS
procedures with acceptable results as the minimum
requirement. The CME was a mixture of didactic
teaching and hands-on training. The message was
clearly stated that there was a requirement for
training in both the cognitive and technical aspects
of CAS. As a neuroscience-based statement, it also
required a minimum of 6 months of formal cogni-
tive neuroscience training in an approved program
in radiology, neuroradiology, neurosurgery, neurol-
ogy, or vascular radiology.
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The clinical competence statement from the
SCAI/SVMB/SVS Writing Committee was also
issued in 2005 [3]. As mentioned earlier, the tech-
nical requirements hinge around minimum num-
bers of procedures required to achieve competence.
This is stated as 30 cervicocerebral angiograms
and 25 CAS procedures, half as primary operator.
Clinical requirements include the ability to manage
inpatient and outpatient care and to obtain appro-
priate consent [3].

In 2006, a joint consensus statement was coor-
dinated and issued by the American College of
Cardiology Foundation Task Force on carotid
stenting which contained recommendations for
training [27]. It states that operators should previ-
ously (to performing CAS) have achieved a high
level of proficiency in catheter-based interven-
tions, completed dedicated training in CAS, and
be credentialed at their hospital [27]. It included
consideration of the previous statements/consensus
documents from the SCAI/SVMB/SVS and the
AAN/AANS/ASITN/ASNR/CNS/SIR but was not
able to unify them [3, 26]. It set out requirements
for training, proctoring, and use of simulators. It
also stated that the FDA has approved industry
training programs for CAS which should augment,
not supplant, professional society training and vol-
ume requirements [27].

The Royal College of Radiologists (UK) has
also issued guidance about training in CAS [28].
It highlights the currently very different training
requirements between interventional radiology,
cardiology, and vascular surgery in the UK and
also the fact that most diagnostic carotid imaging
is now noninvasive in the UK making training
problematic. Recommendations were that prior
to training in the technical aspects of CAS, the
physician should have primary operator experi-
ence of:

1. A minimum of 30 diagnostic cervicocerebral
angiograms

2. One hundred diagnostic angiograms from a
percutaneous puncture

3. Fifty non-neurological selective angiograms
from a percutaneous puncture

4. Twenty-five peripheral or coronary stents from
a percutaneous puncture

5. Microcatheter techniques and snares from a
percutaneous puncture
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6. Experience in neuroimaging, both noninvasive
(carotid ultrasound, MRI, MRA, CT, CTA, etc.)
and invasive (cervicocerebral angiography), to
select and manage patients

It also states that the current training program
in the UK was designed for the ICSS trial which
assumed appropriate prior diagnostic and endovas-
cular skills. The program consists of a structured
day of lectures and live cases attended by the
entire team, a visit by the team to observe in an
experienced center, and a proctor to attend (from
an experienced center) to progressively teach the
procedure in the new center. The advantage is that
the proctor can determine the endpoint of train-
ing rather than it be predetermined by a specific
number of procedures as the learning curve is likely
to vary between individuals. The minimum number
of cases per year for a center to be viable is stated
as being 15 [28]. There is currently no mechanism
in the UK to specifically accredit the successful
participant in any CAS training program.

The ICCS-SPREAD (Italian Consensus Carotid
Stenting) consensus statement discusses the impor-
tance of teams of expertise and the need for inde-
pendent external audit [29]. It recommends for
minimum competence 150 procedures on supra-
aortic vessels within 2 years with 100 as the primary
operator and at least 75 CAS stenting procedures
with 50 as the primary operator. Subsequently, 50
procedures are required per year.

Maintenance of Competence

There is a significant relationship between volume
and outcome for CEA [30] and there is no reason
to believe that this is not also the case for CAS.
Arguably, any complex intervention with a small mar-
gin of error is unsafe in low volume. For CEA, there
is a significant reduction in procedural complications
when annual center volume is >85 cases per annum.

The Royal College of Radiologists suggests that
15 CAS procedures are performed per year per
interventionist [28], whilst the ICCS-SPREAD
Joint Committee suggested 50 CAS procedures per
year per interventionist [29].

It may be argued that it is unethical to embark on
a CAS program unless one can guarantee sufficient
throughput to maintain competence.

Conclusions

Currently, there are still no well-defined pathways
for training in CAS. However, certain key themes
are emerging. Training needs to be tailored to the
background of the individual and that a significant
learning curve exists must be taken into account
when designing training programs and granting
accreditation. The use of VR simulators holds
enormous promise for training in the future and
the use of proctorship and mentoring also seem
essential to enable the transition into safe practice.
As CAS continues to expand, it seems likely that
an integrated training program across specialities
leading to accreditation will be essential. Ideally,
such a program will be endorsed by both National
Societies and Governmental organizations.

Key Points

Training

¢ Training should be both cognitive (clinical deci-
sion making) and practical (skills based).

¢ Trainees from different background will require
different approaches to training.

e Trainees from different backgrounds should be
trained to the same ultimate standards.

e Teams and their training needs should be consid-
ered in addition to those of individuals.

e Virtual reality models are likely to play an impor-
tant role in future training.

e Mentoring and proctoring are essential before
“solo” practice.

 Societies are attempting to define how many
cases, and what experience, are required before
solo practice.

Advice to Someone Wishing to Train
in CAS

* Aim to have developed catheter skills by attach-
ment to a busy unit.

* Aim for a thorough understanding of clinical
decision making/investigation of neurovascular
patients — attend MDTs where possible.

¢ Identify an appropriate mentor.

 Attend workshops/courses to improve knowledge
base.
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* Attend workshops/courses which enable teaching
on simulators.

e Keep an accurate logbook of all relevant
training.

Advice to Someone Setting Up a CAS
Training Course/Program

 Atanearly stage,decide onthe “aims” of the course/
program.

* Be very clear about what the course/program
qualifies the candidate to do subsequently.

* Develop a clearly defined curriculum.

* Decide on entry level requirements for participants.

* Recruit appropriately experienced individuals
who are also good teachers.

* Develop assessment mechanisms which are
objective whenever possible.

* Consider use of simulators.

* Consider use of live demonstrations.

* Consider involvement of industry.

e Consider getting approval from
societies.

» If providing proctorship subsequently, define
mechanisms for this and avoid conflicts of
interest.

specialist
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Preprocedure Imaging

Jos C. van den Berg

Introduction

In the past, the treatment of carotid artery dis-
ease has been either conservative with medical
therapy, or surgical, using carotid endarterectomy.
Traditionally, diagnosis was made using duplex
ultrasound and additional imaging consisting of
selective carotid arteriography has been consid-
ered necessary to confirm the duplex findings,
to clarify equivocal or unreliable duplex findings
[1] (Table 5.1), to demonstrate or exclude tandem
lesions (that may occur in up to 10% of cases [2]),
and finally to obtain additional anatomical infor-
mation (e.g., relation of carotid bifurcation and
mandibular angle) (Fig. 5.1). Duplex ultrasound
is used as the sole imaging test before carotid
endarterectomy in some institutions, but in most
instances there is a requirement for a less opera-
tor-dependent, reliable confirmatory noninvasive
diagnostic test to improve confidence in correct
patient selection [2, 3].

With the advent of carotid artery stenting (CAS)
as an alternative to surgical treatment of stenotic
internal carotid artery disease, additional imaging
has become even more important and considered
mandatory to evaluate the anatomy of the access
vessels, the configuration of the aortic arch, the
tortuosity and length of the common carotid artery
and internal carotid artery, and to demonstrate the
presence of disease of the external carotid artery.
Additional imaging should also allow for evaluation
of the intracranial circulation, since concomitant

disease of the intracranial vessels can influence the
outcome of treatment.

Evaluation of patency of access vessels (com-
mon femoral artery and common and external iliac
artery) is not routinely performed but occasionally
access problems may arise. Duplex ultrasound can
be used as an alternative to screen for disease of the
access vessels.

Arch configuration is of importance in deciding
upon suitability of an endovascular procedure, and
additional imaging is needed for classification of
aortic arch morphology, and for visualization of
anatomical variants (Fig. 5.2). Knowledge of the
length and degree of tortuosity of the common
carotid artery is of importance to evaluate the pos-
sibility of safe placement of the guiding catheter or
long introduction sheath. Evaluation of plaque cal-
cification and ulceration and intimal thickening is
of importance in determining the optimal (endovas-
cular) approach (choice of protection device).
Plaques that are more prone to disruption, fracture,
or fissuring may be associated with a higher risk of
embolization, occlusion, and consequent ischemic
neurological events [4]. The absence of (occlusive)
disease of the external carotid artery is essential
to allow for placement of a long guidewire in the
external carotid artery to perform an exchange
of the diagnostic catheter for a long introduction
sheath or guiding catheter (Fig. 5.3). Suitability for
carotid stenting may be as low as 36% as judged by
anatomical criteria (mainly due to carotid tortuosity
and proximal arch disease) [5].
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TaBLE 5.1. Specific anatomic criteria and categories
defining inadequate or indeterminate carotid duplex scan
(adapted from [1]).

Incomplete imaging of carotid bifurcation and cervical region
— Deep anatomy
— Extensive calcific shadowing
— High carotid bifurcation
— Long internal carotid artery plaque
— Small internal carotid artery diameter
— Internal carotid artery redundancy (kinking, coiling)
Suspected extracervical occlusive disease
— Proximal commson carotid artery
or innominate artery disease
— Posterior circulation disease
— Distal or intracranial internal carotid artery disease
Borderline or equivocal internal carotid artery disease severity
Carotid near-occlusion (“trickle flow”)
Diffuse, recurrent carotid stenosis

In this chapter, the various alternative imaging
modalities that can be used in the preprocedural
assessment related to internal CAS stenting will be
dealt with. Advantages and disadvantages as well as
diagnostic accuracy will be discussed. A glimpse
toward future developments will be given.

van den Berg
Imaging Modalities

Imaging modalities currently used in routine prac-
tice are digital subtraction angiography (DSA), CT
angiography (CTA), MR angiography (MRA),
and less frequently three-dimensional rotational
angiography (3D-RA) with or without application
of soft tissue imaging techniques that offer the
capability of rendering CT-like images.

Digital Subtraction Angiography

DSA has been considered the gold standard in
carotid artery imaging for many years. It typically
involves selective catheterization of the common
carotid artery and has an inherent risk of bleeding
complications at the level of the puncture site, and
risk of transient ischemic attack, stroke, and mortality.
In patients with symptomatic ischemic cerebrov-
ascular disease, the risk for disabling stroke and
death can be as high as 4 and 1%, respectively [6].
Awareness of local angiographic complication rates
is important in the selection process of diagnostic

FiG. 5.1. Axial CTA image (a) at the level of the origin of the supra-aortic arteries: severe concomitant disease of
all branches is seen (patient with severe internal carotid artery stenosis). VRT image (b) demonstrating anatomical
relationship between carotid artery bifurcation, stenosis of the internal carotid artery (arrowhead), and mandibular

angle (arrow)
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F1G. 5.2. Coronal CTA image (a) and angiographic image during aortography (b) demonstrating presence of a common
origin of the brachiocephalic trunk and left common carotid artery (bovine trunk)

tests to be performed [7]. Minor adverse reactions,
including TIA, groin hematoma, unstable angina,
need for blood transfusion, leg ischemia, and iliac
artery dissection, can occur in up to 10% of proce-
dures [6].

The morbidity and mortality of angiography can
significantly be reduced by performing nonselective
angiography in multiple projections, with contrast
being injected into the aortic arch using a pigtail
catheter [8]. Arch aortography is associated with
a much lower neurological complication rate. The
major advantage of angiography is its high resolution,
and ability to demonstrate flow dynamics, both of
the diseased artery and collateral circulation (circle
of Willis and external carotid artery; Fig. 5.4).

CT Angiography

Major progress in imaging has been made with the
advent of multidetector row CT (MDCT). As com-
pared to single-slice CT scanning speed of MDCT
has increased 40-fold, which makes it possible to
scan a large volume within a short breath-hold. The

present generation of multidetector row or multislice
CT scanners allows for a simultaneous acquisition
of up to 64-slices, while in the near future systems
with over 64 detectors will become available. With
an MDCT, a single acquisition yields a volume of
data, instead of a number of slices (as when using
helical CT). Thus, far resolution in the z-axis (“slice
thickness) was still a limiting factor in image
quality for multiplanar reconstruction (MPR). With
an increase of the number of detectors, resolution
increases as well, and thus (near) isotropic imaging
becomes possible (i.e., imaging with a resolution
that is equally high in all directions). For example,
a 16-slice detector typically yields a slice thickness
of 0.75 mm, while a 64-row detector yields 0.6-mm
thick slices.

It has been demonstrated that to get optimal
enhancement of the aortic arch and supra-aortic
vessels, preferably high-concentration contrast
should be used (>300 mg I mL™"), followed by
flushing with a saline bolus [9—11]. Scan delay can
be optimized, and contrast medium dosage can be
reduced by using a test bolus technique or using
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Fic. 5.3. Sagittal CTA image (a), demonstrating stenosis of the internal carotid artery (arrowhead) and good filling of
external carotid artery branches (arrow); no communication between common carotid and external artery could be dem-
onstrated. MRA examination (MIP image (b), coronal MPR image (c¢), and axial reconstruction (e)) revealed the same
findings (arrow indicating carotid artery bifurcation); note occlusion of the contralateral common and internal carotid
artery and left subclavian artery on the MIP image (arrowheads); selective angiography during carotid artery stenting pro-
cedure confirmed occlusion of the origin of the external carotid artery and stenosis of the internal carotid artery (arrow)

an automatic bolus recognition system (bolus trig-
gering) [10-12]. Scanning protocols vary with dif-
ferent systems and manufacturers. With a four-row
detector, most examinations are performed with
2.5-mm collimation and a table speed of 15-20 mm
per rotation, while using a 16-row detector col-
limation is reduced to 1.5 mm and table speed can
be increased to 36 mm per rotation. Contrast is
injected at a flow rate of 3-5 mL s~! with a power
injector into an antecubital vein for a total volume
of 120 mL. Preferably, injection should take place

from the right antecubital vein, to avoid artifacts
arising from high-density contrast in the left bra-
chiocephalic vein that may render evaluation of the
ostia of the supra-aortic arteries difficult (Fig. 5.5).
A CTA image of good quality can be obtained if
the patient does not move or swallow for 1 min.
Anatomic coverage should include the inner curve
of the aortic arch and the circle of Willis.

The radiation dose for CTA is at least 2-3 times
lower compared with the dose for angiography [13].
Three-dimensional volume rendering techniques
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F1G. 5.4. Selective angiographic image of the left carotid artery at the level of the carotid bifurcation (a) showing
a high-grade stenosis of the internal carotid artery (arrowhead). Intracranial angiography (b) and (c¢) demonstrates
filling of the carotid siphon (arrow) through external carotid artery branches, before filling of the distal part of the
cervical carotid artery (arrowheads) occurs

FiG. 5.5. Axial CTA images of one patient with injection of contrast from the right antecubital vein (a) and from the
left antecubital vein (b) performed during control follow-up for thoracic malignancy; good visualization of the supra-
aortic arteries is seen (white arrowhead); with left-sided injection, strong opacification of the left brachiocephalic
vein causes streak artifacts (black arrowhead), hampering visualization of the origin of the aortic branches

(VRTs) permit real-time interactive evaluation in  plaque characteristics. After obtaining the volumetric
any plane and projection. This enhances under- data set, a number of postprocessing image recon-
standing of degree of stenosis, vessel tortuosity, and  struction options are available [13]:



F1G. 5.6. Sagittal CTA image (a) of a patient with symptomatic left internal carotid artery stenosis (arrowhead);
image matches findings at selective angiography (b). Coronal CTA image (c) of another patient with symptomatic
left carotid artery disease, demonstrating stenosis with heterogeneity of plaque (arrowhead); excellent correlation
with angiographic image (d)
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— MPR: two-dimensional sections with a thickness
of 1 voxel (fast, easily performed at the CT scan-
ner). MPR is typically performed in the coronal
and sagittal plane (Fig. 5.6) but curved reformatting
is also possible (Fig. 5.7).

— Variable-thickness displays consisting of an
assimilation of various sections.

— Maximum intensity projection (MIP) in which
images are derived by projecting the highest
attenuation voxel in a ray through the scan volume
onto an image plane; vessels running in close
proximity of osseous structures or calcifications can
be easily obscured. Therefore, its use in carotid
imaging is relatively limited.

— Shaded surface display: this method uses a single
threshold to choose relevant (high-density) vox-
els; because of the threshold, this method is sus-
ceptible to artifacts and may fail to demonstrate
vascular calcifications; this method is useful in
determining the anatomical relationship between
site of stenosis and bony structures and internal
jugular vein [14].

— 3D VRTs (require separate workstation): each
voxel is adjusted to opacity, color, and brightness
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according to each CT value, according to preset
color and opacity maps; the advantage of this
technique is that no threshold levels are being
selected, thus avoiding the possibility of altering
apparent diameters of vessels [15].

— Reversing window-level transfer function, virtual
angioscopic images can be produced [16, 17].

The precision of CTA is more dependent on
measurement technique than on acquisition param-
eters. The ideal scanning plane to obtain magnified
transverse oblique images to be used for stenosis
measurement is perpendicular to the carotid artery
[4]. Especially in cases of a tortuous course of the
vessel or a very short stenosis (curved), MPR refor-
matting can be very helpful (Figs. 5.7 and 5.8).
Using CTA, the true cross-sectional area of the nor-
mal vessel lumen and the true area of the residual
lumen can be definitively visualized and measured
[18]. Plaque morphology and characteristics can be
evaluated by using pixel density to differentiate fat,
fibrosis, calcium, and contrast that permits visuali-
zation of plaque composition, intimal hyperplasia,
intraplaque hemorrhage, thrombus, and dissection
(Fig. 5.8) [18].

FI1G. 5.7. Scanogram (a) and curved MPR image (b) demonstrating the complete course of the left carotid artery, with

stenosis of the internal carotid artery (arrowhead)
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FiG. 5.8. Sagittal (a) and coronal (b) CTA image of a patient with atrial fibrillation and thrombotic embolus in the
internal carotid artery (arrowhead). VRT image (c¢) and sagittal (d) and coronal (e) MPR images of another patient
with left carotid artery stenosis (arrowhead); the VRT images do not allow for plaque characterization; the MPR
images reveal presence of soft plaque and minor calcification

Calcification of plaque should not be considered
a limitation of CTA. Heavily calcified eccentric
plaque precludes MIP evaluation of CTA, for the
reasons indicated above. Overestimation of stenosis
in CTA can occur because of “blooming artifacts.”
By using a so-called “bone window” setting, bloom-
ing artifacts can be reduced (Fig. 5.9). Another
technique to avoid measurement error is using an
incremental reduction of the volume of a multiplanar
volume reconstruction [4]. Ring-like calcifications
in the arterial wall can mask the patent lumen in
MPR images, and here evaluation using axial recon-
structions is of use (Fig. 5.10) [12].

A disadvantage of CTA is the inability to
detect flow dynamics, and direction of collateral
intracranial flow. Swallowing frequently creates
motion artifacts, which appear as waviness in
the walls of the vessel on reconstructed images,
resulting in an image of pseudostenosis (Fig.
5.11). A potential source of error (not specific for
CTA, and also occurring with MRA) is collapse
of the vessel distally from a severe stenosis.
Imaging criteria used in DSA, such as slow filling
of the distal segment and evidence of collateral
circulation, are not equally applicable in CTA
[12].
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FiG. 5.9. Axial CTA image viewed with standard soft tissue window settings (a); differentiation between calcification
and intraluminal contrast is difficult, calcifications causing blooming artifacts. Same image viewed with a bone window
setting (b) reveals true dimensions of lumen and calcification

F1G. 5.10. Sagittal MPR image (a) of the right carotid artery reveals highly calcified plaque at the level of the carotid
bifurcation (arrowhead), rendering grading of the stenosis impossible. Axial CTA image (b) demonstrates the semicir-
cular configuration of the plaque (arrowhead) and allows good visualization of the residual arterial lumen (arrow)

A potential problem is that the ascending pha-
ryngeal branch of the external carotid artery can be
mistaken as a hairline (trickle) open internal carotid
artery. This pitfall can be avoided by following the
proximal internal carotid artery into the petrous
canal at the skull base. As opposed to MRA, CTA
is not contraindicated for patients with pacemakers,

or implanted devices and claustrophobic patients.
On the other hand, care should be taken in per-
forming CTA in patients with renal insufficiency
because of the risk of contrast nephropathy.

In summary, the advantages of MDCT include
shorter imaging time, greater axial coverage, motion
artifact suppression, improved z-axis resolution,
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F1G. 5.11. Sagittal MPR image (a) demonstrating a step in the left common carotid artery (arrowhead), caused by
swallowing during image acquisition. Axial CTA image (b) at the level of the motion artifact demonstrates blurring
of the boundaries of the common carotid artery (arrowhead)

higher axial spatial resolution, decreased total dose
of iodinated contrast, and real-time interactive 3D
display facilities on workstations.

MR Angiography

Traditionally, MRI imaging, using TI1-weighted
spin-echo (black blood) imaging and cine-MR
imaging, is well suited for evaluation of the gross
anatomy. Flow-based methods of imaging (using
time of flight (TOF) or phase contrast (PC)) prop-
erties yield bright blood images using gradient-echo
techniques [19]. Limitations of the latter techniques,
however, is that they rely on the physical properties
of flowing blood (velocity, direction, etc.), making
the technique susceptible to artifacts, that may
result in overestimation of stenoses or even a false
diagnosis of occlusion of a vessel. Furthermore, the
spatial resolution and signal-to-noise ratio provided
by these two-dimensional techniques do not allow
evaluation of small vessel lesions or small side
branches [20]. Since portions of the carotid arterial
system are orientated relatively perpendicular to
the axially directed flow detected with 2D TOF
techniques (e.g., carotid siphon), weak flow signals
can occur. Similarly for near-occlusion faint cer-

vical and intracranial internal carotid artery flow
signals resulting from low velocity, “trickle” flow
associated with high-grade stenosis may lack detail
to define accurately the length of the lesion and
may necessitate additional imaging (Fig. 5.12) [1].

The technique currently most often used in the
evaluation of supra-aortic vessels and the internal
carotid artery is dynamic subtraction MRA, using
gadolinium (0.2 mmol kg~!, flow rate of antecu-
bital injection 2 mL s7') as an intravenous contrast
agent [19, 21-25]. Gadolinium shortens the T1
of blood, allows a larger flip angle to be used,
generates a stronger signal with better background
suppression, and yields less signal saturation.
This results in shorter imaging times. Thus, less
flow-related and motion-related artifacts occur,
and the technique can demonstrate subtle carotid
lesions and allows for imaging from the aortic arch
to the circle of Willis (Fig. 5.13a). After a plain
MRI, intravenous contrast is administered. Using
bolus timing (by using either a test bolus or real-
time “fluoroscopic” triggering), the arrival of the
contrast can be timed and the contrast-enhanced
sequence is performed [19, 26]. This is followed by
subtraction of the two series. One limitation of the
test bolus technique is the potential for diminished
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F1G. 5.12. MIP reconstruction (a) and axial source images (b) of MRA-TOF examination, demonstrating high-grade
stenosis of the proximal segment of the right internal carotid artery (arrowhead); distal flow is not discernible. Axial
CTA image (c) of the same patient performed the same day revealed patency of the right internal carotid artery
(arrowhead) until the carotid siphon; patency was confirmed at surgery

artery-to-vein contrast, associated additional cost
of test bolus contrast, and the potential difficulty to
observe the test bolus in distal vessels or in cases
with slow flow [26]. Considering the arteriovenous
transit time of 5—15 s in the normal cerebrovascular
system, and maximal selective intraluminal con-
trast enhancement of the carotid arteries of 10-25 s
after intravenous administration of a bolus of con-
trast material, the problem of venous return into the
internal jugular vein can be limited when scanning
is performed within 10 s after the start of arterial
enhancement. A delay in the arteriovenous transit
time due to the presence of an arterial stenosis
may actually improve the increase in intraluminal
signal intensity during the first pass of the contrast-
enhanced blood in the supra-aortic arteries [27].

Obtained images can be either viewed on a
slice-to-slice basis or reconstructed on a computer
workstation into an MIP image (Fig. 5.13b). It is
of importance to evaluate both source images and
reconstructed images on a workstation to optimize
diagnostic yield (e.g., an occlusion of the origin
of the external carotid artery can be easily over-
looked evaluating MIP images alone; Fig. 5.3) and
increase specificity [28, 29].

False-positive findings are caused by signal
voids that result from signal intensity loss due to

an increase in velocity at the level of a high-grade
stenosis. The use of a contrast agent reduces this
effect, but the combination of intravoxel dephasing
and limited spatial resolution still leads to signal
voids at very small residual vessel lumina [2].
Arterial collapse distally from a high-grade steno-
sis also contributes to this phenomenon (Fig. 5.14).
If the minimal diameter is not perpendicular to the
imaging plane, subtle vascular signals may not be
distinguished from background signals with the
MIP algorithm [30].

Contrast-enhanced MRA demonstrates a low
interobserver variability (comparable to that of
catheter-based angiography), which implies a high
level of reliability in routine clinical practice [31].
Scanning parameters may vary depending on type
and manufacturer of the MRI system, and an exam-
ple is listed in Table 5.2. The discussion of plaque
characterization by using MRI is beyond the scope
of this chapter but is currently an area for active
research.

Three-Dimensional Rotational
Angiography

Conventional rotational angiography is obtained
by performing a motorized movement at constant
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Fi1G. 5.13. MIP reconstruction of contrast-enhanced MRA, demonstrating vasculature from the aortic arch until circle
of Willis. The anteroposterior projection (a) reveals a normal left carotid bifurcation (arrow), while the right bifurcation
(arrow) cannot be evaluated. A coned-down lateral view of the right carotid artery (b) demonstrates a high-grade

stenosis of the right internal carotid artery (arrowhead)

speed of the C-arc around the patient during continu-
ous contrast injection. To obtain three-dimensional
images from a conventional rotational angiographic
run, two methods exist. One consists of an exami-
nation in two phases, where at first the C-arm
makes a sweep acquiring images that act as a mask
for the subsequent data acquisition. Subsequently,
a return sweep is performed while contrast is
injected throughout the entire period of data acqui-
sition [32, 33]. The other technique of obtaining
3D-RA is directly based on conventional rotational
angiographic images without the use of subtrac-

tion [34-36]. With both techniques, images are
transferred to a workstation where they are con-
verted into pseudo-computed tomography slices
(the image intensifier being considered a multiline
detector). Using specific algorithms that correct for
image intensifier and contrast distortion, the data
set is reconstructed into a volume-rendered image.
During this reconstruction process, two different
types of image correction are performed to limit
visual distortion to a minimum: pincushion distor-
tion correction that is used for diminishing of the
environmental influences caused by the earth mag-
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F1G. 5.14. MIP reconstruction of contrast-enhanced MRA (a) demonstrating stenosis of right (large arrowhead) and
left internal carotid artery (arrow) with significant reduction of caliber of the distal part of the left internal carotid
artery (small arrowhead). Selective left carotid arteriography (b) confirms the presence of a high-grade stenosis
(arrowhead) with slow flow into the artery distally from the stenosis. Intracranial angiographic images (c) show
absence of filling of the anterior cerebral artery (arrowhead), indicating anatomical variant

TABLE 5.2. Scan parameters for MRA examination of
carotid arteries.

CE-MRA 3D-TOF
TE (ms) 1.1 4.24
TR (ms) 34 34
rFOV (mm) 320 2207240
Slice thickness (mm) 1.1 0.7
Flip angle (°) 25 30
Voxel size (mm) 1.3x06x 1.1 1.0x 0.8 x 1.0
Matrix 512 512
Scan time 0:19 3:12

netic field and the isocenter correction that corrects
all the movement imperfections introduced by the
rotating C-arc [37]. The 3D volume obtained in this
way can be rotated and viewed in any direction, and
optimal tube positioning (angulation and skew) can
be chosen (Fig. 5.15). Determination of vessel geo-
metrical properties (length, diameter) can be done
manually or using automated vessel analysis (AVA)
software, yielding shaded surface display images,
or volume rendering and MIP images (Fig. 5.16).
The measurement error has been established to be

acceptably low [34]. The AVA software can also
provide an endoscopic view (virtual angioscopy),
used for evaluation of the vessel interior. Recent
developments in software, using an unenhanced and
a contrast-enhanced run, also allow visualization
of calcifications. The same method can provide an
improved depiction of stent location and its relation
to the calcified plaque and vessel wall. Important
information on flow dynamics can be gathered from
the cine-fluoroscopic angiographic images.

A disadvantage of the first-generation 3D-RA
technique is nonvisualization of thrombus. The same
is true for conventional angiography. Calcification,
however, can be demonstrated using 3D-RA (using
either the source images showing some indirect
signs of the presence of thrombus — discrepancy
between angiographic lumen and location of cal-
cification — or the calcified plaque software).
New developments allow for acquisition of CT-like
images (XperCT, InnovaCT, DynaCT), which
overcome the limitations of the initially available
techniques, being able to demonstrate soft plaque
(Figs. 5.17 and 5.18).
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Fi1G. 5.15. Digital subtraction angiography (a) showing carotid bifurcation with slight narrowing of the proximal internal
carotid artery. Volume-rendered image obtained with 3D rotational angiography (b) with similar projection as (a), dem-
onstrating narrowing and irregularities at proximal internal carotid artery. In a different projection (c), the stenosis and
ulcerative characteristics of the internal carotid artery lesion (arrowhead) are demonstrated to advantage

A major use of 3D-RA is in a therapeutic setting
in the interventional suite rather than as a diag-
nostic modality in cases with complex anatomy.
The major role in diagnosis has been overtaken
mainly by CTA and MRA. However, it has been
demonstrated that 3D-RA using nonselective aortic
arch injection yields a good correlation with the
degree of stenosis when compared with selective
angiography using DSA techniques, with the addi-
tional advantage of an almost complete exclusion
of the risk of neurological complications due to
the manipulation of catheters needed for selective
angiography [38].

The major advantage of 3D-RA is that due to
the short reconstruction times, the interventionalist
can optimize projection and make adjustments dur-
ing the interventional procedure, to ensure optimal
outcome, without a significant increase in proce-
dure time, with a significant reduction of radiation
exposure of the patient as compared with conven-
tional angiographic imaging, and a decrease in the
overall contrast load that can be achieved by elimi-
nating multiple standard angiographic projections
[39]. Further reduction in radiation dose can be
achieved with the use of flat panel detectors of the
direct conversion type [40]. More specifically, for
carotid endovascular interventions, 3D-RA allows
for determination of length and diameter of stent,
and optimal diameter of the protection device.

Comparison of Methods

Review articles comparing duplex ultrasound and
MRA and CTA with DSA have demonstrated that
all noninvasive tests are highly accurate modali-
ties in detecting severe carotid artery disease [41,
42]. For the distinction between <70% vs. 70-99%
stenosis, MRA has a significantly better discrimi-
natory power than duplex ultrasound (Table 5.3). It
should be kept in mind in evaluating these studies
that both MRA and CTA techniques have made
significant advancements ever since the publica-
tion of these papers (e.g., high-resolution contrast-
enhanced MRA and MDCT). A good correlation
exists between MRA (TOF) and CTA regarding
measurement of the degree of stenosis of carotid
arteries as measured according to the NASCET
method and using transverse raw data analysis
(Fig. 5.19) [30, 43]. CTA may slightly overestimate
the degree of stenosis [44] but reports of underesti-
mation have also been published [12].
Noncontrast-enhanced MRA (using TOF tech-
nique) compares favorably with angiography, ultra-
sound, and excised plaques. A major limitation
is its small field of view that does not allow for
simultaneous visualization of carotid artery bifur-
cation, aortic arch anatomy, and the circle of Willis.
Contrast-enhanced MRA has emerged and almost
completely replaced TOF-MRA because of its
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FiG. 5.16. Volume-rendered image in AP projection obtained with 3D rotational angiography (a) of carotid artery
bifurcation with high-grade stenosis of the internal carotid artery (arrowhead). In an oblique projection (b), the
carotid bifurcation and internal carotid artery stenosis (arrowhead) are demonstrated to advantage. Shaded surface
display image after application of automated vessel analysis (c¢), demonstrating trajectory from distal common
carotid artery (yellow ring/arrowhead) to proximal internal carotid artery (green ring/arrow). Transverse section
(d) perpendicular to trajectory as demonstrated in (c) at the level of the internal carotid artery showing automated
diameter measurements. (e) Graphical demonstration of diameters along the course of the trajectory shown in (c)
with automated calculation of diameter and area stenosis; the AVA features facilitate choice of diameter of protection
device and stent dimensions

shorter examination time and improved signal-to-
noise ratio. Although several studies indicate a supe-
riority of TOF-MRA as compared with CE-MRA,
care should be taken in interpreting these findings
since comparison of multiple projections using MRA
was made with two- or three-directional DSA,
as is described below [45-48]. When using high-

resolution contrast-enhanced MRA with integrated
parallel acquisition techniques (yielding a resolu-
tion of 0.9 x 0.7 x 0.9 mm), most of the problems
of overestimation of high-grade stenosis can be
reduced but still occur [28, 49]. A combination
of three-dimensional TOF and contrast-enhanced
MRA therefore seems to be advantageous [45].



van den Berg

FI1G. 5.17. Shaded surface display image of left carotid artery bifurcation (a), demonstrating severe stenosis caused by
calcified plaque; 3D reconstruction of after stent placement (b) and CT-like MPR image (c) obtained from rotational
run without contrast administration, clearly demonstrating stent struts (arrow) and calcified plaque (arrowhead).
Courtesy of S. Bracard, R. Anxionnat, and L. Picard, Nancy, France
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FiG. 5.18. Merged image of shaded surface display and
MPR image obtained from rotational angiography run
with intra-arterial contrast injection after carotid stent
placement

Using state-of-the-art technique contrast-enhanced
MRA can yield a sensitivity of 100%, a specificity
of 99.3%, a positive predictive value of 93.6%,
and a negative predictive value of 100% by using
a 70-99% threshold of arterial diameter stenosis.

For detection of occlusion, all these values are 100%
[28]. Similar results can be obtained when using
state-of-the-art CTA [30].

In vitro comparison of conventional angiography
using two or three projections and 20-projection
rotational angiography demonstrated that conventional
angiography significantly underestimates the maxi-
mum stenosis [50]. In several studies comparing
MRA (both TOF technique and contrast enhanced),
conventional DSA, and rotational angiography,
underestimation of internal carotid artery stenosis
was seen when using DSA while contrast-enhanced
MRA correlated best with rotational angiography
[51, 52]. These findings can be explained by the
inherent limitation of conventional DSA to the
depiction of the carotid bifurcation and carotid
arteries in only two or three projections. More spe-
cifically, for arteries in which the residual stenotic
lumen has an asymmetric shape, this limitation
can result in an underestimation of the narrowed
portion of the noncircular residual lumen on con-
ventional DSA (and explains the findings reporting
overestimation of internal carotid artery stenosis on
MRA studies as described above). Thus, conven-
tional angiography, despite its higher resolution as
compared with MR imaging, does not seem to be
the reference standard for carotid artery imaging
anymore, and this finding emphasizes the importance
of the availability of multiple projections.



TaBLE 5.3. Pooled weighted sensitivity and specificity of various imaging modalities as compared with digital
subtraction angiography.

Pooled sensitivity (%) Pooled specificity (%)
Stenosis grade MRA DUS CTA MRA DUS CTA
70-99% vs. <70% 95 (92-97) 86 (84-89) 85 (79-90) 90 (86-93) 87 (84-90) 94 (90-96)

<100% vs. 100% 98 (94-100) 96 (94-98) 97 (93-99) 100 (99-100) 100 (99-100) 99 (98-100)

DUS duplex ultrasound. Confidence interval between parentheses.

|

F1G. 5.19. Comparison of CTA, MRA, and DSA; bilateral internal carotid artery stenosis as demonstrated on paras-
agittal (a) and coronal (b) CTA MPR images, and MIP reconstruction of contrast-enhanced MRA (c) and the corre-
sponding selective carotid arteriography (d); note the lack of visualization of calcified plaque and the overestimation
of the grade of stenosis on contrast-enhanced MRA
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Use of noninvasive imaging techniques further
has the inherent advantage of the absence of pro-
cedural risk of minor and major stroke, TIAs, and
asymptomatic lesions as observed with diffusion-
weighted cerebral MRI [53]. When combining duplex
ultrasound and another noninvasive diagnostic test,
the number of intra-arterial angiographies can be
reduced by 80% [2]. If MRA and duplex ultra-
sound really leave any questions unanswered, CTA
using multidetector technology is the next diag-
nostic step [54]. The role of DSA will be limited
to unclear cases [27]. Increasing concern about the
costs and risks of angiography and improvements
in noninvasive imaging implies that it is increasingly
difficult to justify the risk of conventional DSA if
the benefit in accuracy is marginal.

The advantages and disadvantages of the vari-
ous imaging techniques used in the evaluation of
carotid artery disease are listed in Table 5.4.

Future Developments

The use of digital subtraction techniques in combi-
nation with CTA has been demonstrated feasible.
The technique consists of acquisition of a precon-
trast and postcontrast scan. A three-dimensional
model of the bony structures and calcifications is
reconstructed from the first nonenhanced data set.
The bone model is then combined with the post-
contrast data set, and subtraction of both data sets
follows (Fig. 5.20) [55]. Crucial factors in obtaining

TABLE 5.4. Overview of advantages and disadvantages of
imaging modalities.
DUS DSA CTA MRA 3D-RA

Gold standard + + + + +

Invasiveness + - +

Ionizing - + + - +
radiation

Nephrotoxic - + + — +
contrast

Venous - - + + —
contamination

Spatial - ++ + + ++
resolution

Dynamic - + - + +
information

Anatomical + + ++ ++ +
coverage

Cost + ++ + + T+

DUS Doppler ultrasound

van den Berg

Fic. 5.20. Axial CTA image after intravenous contrast
injection (a) and axial image (b) after subtraction of bony
structures and calcified plaque (using an unenhanced
image); in this way, artifacts caused by high-density
structures can be diminished. Courtesy of R. van den
Berg, Amsterdam, The Netherlands
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good quality subtraction are avoidance of movement
artifacts and accurate registration of both data sets.
Digital subtraction CTA offers a potential advantage
when separation of the vasculature from bone is
important and technically difficult. Automated CTA
quantification of internal carotid artery stenosis has
been demonstrated feasible, but diagnostic accuracy
is not yet sufficient for clinical application [56].

Currently, 3D roadmap functionality that allows
for (online) navigation in a three-dimensional fash-
ion during the intervention (even during rotation of
the C-arm) is available for intracranial interventions
(Fig. 5.21), and it is the line of expectation that after
clinical validation this option will also become avail-
able for peripheral interventions, including carotid
interventions. Currently, applications in the periph-
eral field are still hampered by motion artifacts.

Conclusions

Preprocedure imaging as an addition to duplex
ultrasound is useful in selected cases prior to
carotid endarterectomy and is of crucial impor-

giant aneurysm

F1G. 5.21. 3D roadmap image based on shaded surface
display image after 3D rotational angiography during
coiling of intracranial aneurysm (arrow); the course of
the guidewire of the microcatheter can be clearly seen
(arrowheads); this feature allows for optimal navigation in
tortuous anatomy; the 3D roadmap adjusts automatically
with changes in C-arm position
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tance and mandatory in the planning of CAS.
Both MRA and CTA yield a diagnostic accuracy
that is equal or higher to the former “gold standard”
DSA, with the additional advantage of a reduction
of the adverse events associated with the invasive
nature of angiography. Both MRA and CTA can
provide the anatomical detail that is necessary to
select patients that are suited for an endovascu-
lar procedure for stenotic disease of the carotid
artery. The role of angiography will continue to
decrease and will be limited in the future to proce-
dural guidance.

Key Points

* “Overview” anatomical imaging is mandatory for
evaluation of suitability for CAS.

* Imaging modalities currently used in routine
practice are DSA, CTA, MRA, and less fre-
quently 3D-RA.

Catheter Angiography

 Selective catheter angiography in patients with
symptomatic cerebrovascular disease may cause
disabling stroke and death.

 Arch aortography is associated with much lower
neurological complications but access site and
contrast-related complications persist.

3D rotational angiography is associated with low
neurological risk and is useful in a therapeutic
setting in the interventional suite rather than as a
standalone diagnostic modality.

Computed Tomographic Angiography
(CTA)

» Multidetector row CTA has improved spatial reso-
lution, reduced scan time (allowing imaging from
the inner curve of the aortic arch to the circle of
Willis in one breath-hold), and reduced radiation
dose relative to DSA.

* Of a number of postprocessing algorithms, MPR
and 3D VRTs are of most use for assessing the
extracranial carotid circulation.

e The precision of CTA is more dependent on
measurement technique than acquisition param-
eters. The degree of stenosis is best measured
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perpendicular to the carotid artery on magnified
transverse oblique images.
* Evaluation of axial reconstructions and use of
“bone window” settings can mitigate for ring-like
calcification or “blooming artifact” that may cause
overestimation of degree of stenosis in heavily
calcified vessels.
CTA is unable to demonstrate flow dynamics and
swallowing creates motion artifact that can be
misdiagnosed as stenosis.

Magnetic Resonance Angiography

* MRA based on flow-based methods (i.e., time of
flight) requires that the blood flow is at 90° to the
imaging plane and these techniques are therefore
usually limited to the neck.
Gadolinium-enhanced MRA is not so dependent
on vessel orientation but optimization of the
diagnostic yield mandates evaluation of both the
source and the reconstructed images. Signal voids
still occur despite use of gadolinium due to intra-
voxel dephasing and limited spatial resolution.
State-of-the-art technique contrast-enhanced
MRA can yield a sensitivity of 100%, a spe-
cificity of 99.3%, a positive predictive value of
93.6%, and a negative predictive value of 100%
by using a 70-99% threshold of arterial diameter
stenosis. For detection of occlusion, all these
values are 100%.
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Cerebral Arterial Anatomy

Ridwan Lynn and Alex Abou-Chebl

Cerebrovascular Anatomy

Disorders of the cerebrovascular system constitute a
major class of diseases affecting the central nervous
system. A detailed understanding of the cervical and
cranial vascular anatomy and physiology is essential
for successful diagnostic and interventional manage-
ment of cerebrovascular disorders. This chapter will
provide a basic overview of angiographic arterial
anatomy of the cervicocranial circulation while
emphasizing clinical considerations pertinent to
interventions of the cervicocranial vasculature.

The Aortic Arch

Diagnostic and interventional studies of the cervi-
cocranial vasculature typically begin in the aortic
arch. The complex embryological development of
the aortic arch leads to several anatomical vari-
ants that must be recognized for safe and efficient
performance of interventions (Fig. 6.1) [1]. In the
typical aortic arch configuration (65% of cases), the
aortic arch gives rise first, proximal to distal, to the
brachiocephalic trunk (the innominate artery), fol-
lowed by the left common carotid artery (LCCA), and
finally the left subclavian artery (Fig. 6.2). This is the
so-called “left aortic arch™ and is also the “friendly
arch” configuration as it is the easiest for cannula-
tion of the great vessels. The most common normal
variant of the aortic arch (~25% of cases) is one in
which the brachiocephalic trunk and the LCCA share
a common origin, which can make LCCA cannula-

tion more demanding. In approximately 7% of cases,
the LCCA arises from the proximal brachiocephalic
artery rather than from the aortic arch, the so-called
“bovine” configuration, which makes LCCA cannu-
lation even more difficult (Fig. 6.3).

Much less common variants include a left aortic
arch with an aberrant right subclavian artery (70.4—
2% of cases) that arises from the aortic arch near
to or distal to the origin of the left subclavian artery
(Fig. 6.4). The arch will therefore have four branches
and often there is some tortuosity of the origins of
the great vessels. When the left vertebral artery (VA)
arises from the aortic arch (~0.5% of cases), typically
in between the LCCA and left subclavian artery, the
unsuspecting interventionalist may inadvertently can-
nulate the significantly smaller caliber VA, increasing
the risk of causing a dissection and hindbrain stroke.
Other rare variants (<<1% of cases) include a left
brachiocephalic trunk giving rise to the LCCA and
the left subclavian artery, a right aortic arch, a right
aortic arch with mirror image branching, or even a
double aortic arch.

Acquired abnormalities of the aortic arch can have
a significant impact on carotid cannulation, especially
in the population of patients at risk for carotid athero-
sclerosis. A type 1 aortic arch is the normal configura-
tion and is one in which all three great vessels arise
from the apex of the aortic arch, so that a horizontal
line drawn in the axial plane (i.e., perpendicular to
the long axis of the human body) at the apex of the
arch will intersect the origin of all three vessels, or
the origins will be at most within one carotid width
below the apex. With increasing age, atherosclerosis
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64 Lynn and Abou-Chebl

Aortic Arch Variants
Reca LCCA LSCA LCCA

Aortic Arch Anomalies

RCCAcca Lsca RESA LUoA
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FI1G. 6.1. Diagrammatic schema illustrating the most common variations in aortic arch configuration. Normal aortic
arch as shown in (a) is found in about 65%. In (b), the left common carotid artery (LCCA) and brachiocephalic trunk
share a common origin (25%). In (¢), the so-called “bovine arch,” the LCCA arises from the proximal brachiocephalic
artery (7%). In (d), the left vertebral artery (LVA) arises directly from the aortic arch proximal to the origin of the
left subclavian artery (LSCA) (0.5%) rather than from the LSCA itself. RSCA right subclavian artery, RCCA right
common carotid artery

Rigth

Right & Left VA

ICA

Right
Subclavian

F1G. 6.2. Left anterior oblique aortic arch digital subtraction angiogram revealing a normal configuration of the aortic
arch and great vessels. Note that this is a type 1 arch as the origins of the brachiocephalic trunk (a), left common
carotid artery (b), and left subclavian artery (c) arise from the apex of the aortic arch. The great vessels have only
mild tortuosity and the common carotid arteries (CCA) are relatively straight. Note also that the vertebral arteries
(VA) are both large in caliber and are therefore codominant. In this view, the origin of the right VA (arrow head) is
usually well visualized but the left is overlapped with the subclavian
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FiG. 6.3. Left anterior oblique aortic arch digital subtrac-
tion angiogram revealing a left aortic arch without a
brachiocephalic trunk and an aberrant right subclavian
artery origin. The right common carotid is the first
branch of the arch (a). The second branch is the left com-
mon carotid (b). The right subclavian artery (c) arises
directly from the aorta and its origin is overlapped with
the left subclavian (d) and can arise distal to it

FiG. 6.4. A left anterior oblique aortic arch angiogram
showing a type 3 arch configuration. Note that the aortic
arch apex is narrow and higher than the origins of the great
vessels. The innominate artery has a low origin (greater
than two carotid widths below the arch apex) from the
arch. Note also the tortuosity of the great vessels in this
patient with longstanding severe hypertension

65

and uncontrolled hypertension can lead to elongation
and rostral migration of the distal aortic arch and a
change in the relative positions of the great vessels.
As the LCCA and the left subclavian artery migrate
rostrally along with the distal arch, the arch itself
begins to take on a narrowed and peaked appearance
rather than a smooth convex shape. As a result, the
innominate appears to arise lower than usual, i.e.,
from the ascending aorta. The LCCA and the left sub-
clavian artery can also arise from this ascending seg-
ment. These changes combine to make cannulation of
the innominate and LCCA difficult if not impossible
particularly with type 3 arches, the most extreme
configuration with the innominate artery arising more
than two carotid widths below the apex of the arch
(Fig. 6.5). A type 2 arch lies somewhere in between
types 1 and 2 and the innominate will arise between
one and two carotid widths below the apex [2, 3].

FiG. 6.5. Left anterior oblique arch angiogram show-
ing a “bovine configuration” wherein the left common
carotid artery (d) arises from the innominate artery (a).
The remainder of the great vessels have normal origins
including the right common carotid (b) and right subcla-
vian (c) arteries which arise normally from the innomi-
nate artery leaving the left subclavian artery (e) as the
second branch of the aorta
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The Cervical Vessels

The vascular supply to the brain is derived from
two pairs of cervical vessels: the internal carotid
arteries (ICAs) and VAs. The ICAs supply blood to
the anterior intracranial circulation while the VAs
contribute to the posterior intracranial circulation,
also known as the vertebrobasilar circulation. The
ICA and VA systems are interconnected via anas-
tomoses that can be clinically significant when one
or more vessels become(s) occluded. Occlusion
of the ICAs or VAs causes unique clinical vascu-
lar syndromes. However, due to the presence of
intracranial collateral channels, namely the circle
of Willis, some pathological conditions may be
clinically silent or may affect unexpected regions
of the brain (e.g., an occipital stroke from an ICA
stenosis) leading to diagnostic uncertainty for the
unwary.

The right CCA arises medially and rostrally
from the innominate artery, whereas the left CCA
arises directly from the aortic arch and runs poste-
rolaterally (Fig. 6.2). CCAs are approximately 7-8
mm in diameter and generally have no branches
prior to their bifurcations. They are straight vessels
although they can become quite tortuous with age
and prolonged hypertension. Loops in the CCA are
unusual. The CCA bifurcates into the ICA and the
external carotid artery (ECA) (Fig. 6.6). The CCA
bifurcation occurs most commonly at the level
of the third to fourth cervical vertebrae (C3-C4),
which is also at the level of the angle of the jaw,
but it can be as low as the first thoracic (T1) and as
high as the first cervical vertebra (C1). The relative
position of this bifurcation is critical to note on
angiography since very high and very low anatomi-
cal bifurcations can make surgical exposure very
difficult and risky and such patients may be better
treated endovascularly.

The ECA is the smaller of the two terminal
branches of the CCA and is distinguished from the
ICA by its numerous branches in the neck (Fig. 6.6).
The ECA branches supply blood to the soft tissues
of the face, mouth, pharynx, larynx, and the neck.

They also serve as potential sources of collateral
blood flow to the intracranial circulation in the set-
ting of high-grade proximal internal carotid steno-
sis or occlusion. The ECA has a rich anastomotic
network between its branches and the contralateral
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F1G. 6.6. Left anterior oblique view of a left common
carotid artery (CCA) angiogram showing a normal carotid
bifurcation. Note the dilatation of the internal carotid
artery (ICA) known as the carotid bulb. The remainder
of the cervical ICA is straight and has no branches. The
external carotid artery (ECA) originates anteromedially
off the CCA; it is smaller than the ICA, does not have a
bulb, and has multiple branches, some of which (the supe-
rior thyroidal, facial, lingual, occipital, internal maxillary,
and superficial temporal arteries) are seen in this figure

ECA, so that complete occlusion of one ECA is
rarely of clinical consequence. In addition to sup-
plying collaterals to the internal carotid circulation,
the ECA supplies collaterals to the VA, most com-
monly via the occipital artery through the muscular
and spinal branches of the VA at the level of the
first and second cervical vertebrae. There is sig-
nificant variability in the configuration of the ECA
and its branches. In regards to the cerebral circula-
tion, the most important branches of the ECA are
the ascending pharyngeal, occipital artery, middle
meningeal artery, and several small branches of the
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internal maxillary artery, all of which anastomose
with the intracranial circulation. Intracranial ICA
collateral sources include the vidian artery, caroti-
cotympanic artery, artery of the foramen rotundum,
the inferiolateral trunk, and the ophthalmic artery,
which can fully reconstitute intracranial ICA flow.
The ICA (measuring 4—6 mm) is the larger of the
two branches of the CCA and arises posterolater-
ally from the CCA, while the ECAs arise antero-
medially (Fig. 6.6). The two ICAs supply 80% of
cerebral blood flow (CBF). They supply the major-
ity of the cerebrum including the frontal, parietal,
anterior and lateral temporal lobes, and the deep
gray structures except for the thalamus. The ICA
contains two important sensory organs involved
in the maintenance of brain tissue perfusion and
oxygenation. The proximal 1.5 cm of the ICA
dilates to 7-9 mm in diameter and is known as the
carotid bulb (Fig. 6.6). This is a richly innervated
structure and is also called the carotid sinus, which
is involved in arterial blood pressure regulation.
Raised arterial pressure and increased wall tension
within the bulb trigger reflex bradycardia (medi-
ated via the vagal nerve) and vasodilation (via sym-
pathetic inhibition) and consequently a reduction in
arterial pressure. A reduction in tension on the wall
of the carotid bulb results in an opposite response.
The purpose of the carotid sinus baroreflex there-
fore is to maintain cerebral perfusion constant. The
other organ of the carotid bulb is the carotid body,
a sensory organ with chemoreceptors that respond
to arterial oxygen tension. Activation of afferents
by the chemoreceptors in the carotid body results
in an increase in ventilation to increase tissue oxy-
genation. Surgical and endovascular procedures
on the carotid bulb may affect the function of the
carotid sinus and result in hemodynamic perturba-
tions (e.g., injury to the carotid sinus from endar-
terectomy is associated with increased sympathetic
outflow and hypertension, whereas stimulation
of the carotid sinus during angioplasty can cause
bradycardia and hypotension) [4] (see Chap. 14).
The carotid artery distal to the bulb is generally
straight and migrates medially before it enters the
carotid canal in the petrous bone. The cervical ICA
lies within the carotid sheath along with the jugu-
lar vein and the vagus nerve. Several other nerves
(i.e., the recurrent laryngeal, hypoglossal, and the
sympathetic nerves) course either with the ICA or
across it and are therefore prone to injury during
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carotid surgery, trauma, or dissection. The ICA
does not have any branches in the neck although
rarely the ascending pharyngeal or superior thyroid
arteries can arise from the bulb. Also rarely found
is the persistence of fetal connections between
the cervical ICA and the VA (i.e., the proatlantal
intersegmental arteries, types 1 and 2). Hypoplasia
or atresia of the ICA are very rare and can be differ-
entiated from acquired occlusion by the small size
of the carotid canal on plain skull X-rays.

The paired VAs arise from the subclavian arter-
ies and ascend in the neck within the transverse
foramina of the cervical vertebrae before entering
the cranium (Fig. 6.2). The VAs are classically
divided into four segments (V1-V4). The first (V1)
segment extends from the VA origin off the sub-
clavian artery through its posterior—rostral course
toward the C6 transverse foramen. The V2 segment
of the VA courses rostrally within the transverse
foramina of the C6 to C2 vertebral bodies. The V3
segment consists of the VA segment that projects
posteriorly over the superior surface of the ring
of the atlas (C1) before making a sharp anterior—
superior turn to pierce the atlanto-occipital mem-
brane to become the intracranial segment (V4). The
cervical VAs give off small cervical branches to
supply the cervical muscles, spinal cord and peri-
osteum of the cervical vertebrae, and meningeal
branches to supply the dura in the posterior fossa.

Asymmetry in the size of the VAs is common. In
50% of cases, the left VA is larger and dominant,
whereas the right VA is larger in 25% and the ves-
sels are codominant in the remainder (Fig. 6.2).
Atherosclerotic narrowing of the dominant VA
therefore can be symptomatic if the contralateral
VA is hypoplastic; however, ECA to VA anastomo-
ses (through the ascending cervical artery, occipital
artery, and ascending pharyngeal artery) may also
account for variability in the symptomatology.

Intracranial Vessels

The anterior and posterior circulations are inter-
connected at the base of the brain via a circular
anastomosis known as the circle of Willis. The
ICA circulation is connected to the vertebrobasilar
circulation via a pair of posterior communicat-
ing arteries (PCom). Anteriorly, a single anterior
communicating artery (ACom) unites the paired
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anterior cerebral arteries (ACAs), thus completing
the circular anastomosis (Fig. 6.7a). The circular
network provides an important collateral source of
blood flow, so that even if three of the four cervi-
cal vessels (i.e., ICAs and VAs) are occluded, the
entire brain can potentially be supplied from the
remaining vessel. In reality, the circle of Willis and
all of its components are complete in only about
25% of individuals, so the majority of humans are
at some risk of cerebral ischemia if one of the four
main cerebral vessels shuts down [5]. Figure 6.7
illustrates the variants in the circle of Willis. The
most common variant involves a hypoplastic or
absent PCom (unilateral or bilateral). The other
common variant is the persistence of a large PCom
(fetal posterior cerebral artery — PCA) that feeds
the entire PCA, so that the PCA becomes a branch
of the ICA rather than the basilar artery (BA) (Fig.
6.8). In such cases, the proximal PCA segment
between the basilar artery apex and the PCom
(i.e., the P1 segment) is hypoplastic or atretic. The

Variatlon in the Circle of Willis

50%
B
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PCom on the side of the fetal PCA is therefore
not a source of collateral blood supply to the ICA
territory. If a fetal PCA is combined with another
common variant, an absent ACom or an absent or
atretic Al segment of the ipsilateral ACA (i.e., the
horizontal ACA segment between the ICA termi-
nus and the ACom), the ICA territory on that side
is considered to be isolated and has no direct poten-
tial collateral sources (Fig. 6.8). In these cases,
significant flow-limiting stenoses of the proximal
ICA are often symptomatic.

The intracranial ICA can be subdivided into sev-
eral segments and there are several naming sche-
mata. The easiest nomenclature is to refer to each
segment by the name of an adjacent structure or by
the name of the structure through which it courses
(Fig. 6.9). The ICA enters the skull via the carotid
canal within the dense petrous portion of the tem-
poral bone, hence its name is the petrous carotid
segment. The petrous segment takes a horizontal
and anteromedial course before turning rostrally

; 20-30% ' 5%
Cc D

TP

FiG. 6.7. Simplified schema illustrates the variations in the circle of Willis. (a) Complete circle of Willis (25%), (b)
absent PCom (25-50%), (c) fetal PCA (20-30%), (d) absent ACom (5%), (e) hypoplastic or atretic ACom (10-20%),
(f) duplicated ACom (18%), and (g) isolated ICA (coexistence of absent Al segment of ACA and fetal PCA). ACom
anterior communicating artery, ACA anterior cerebral artery, /CA internal carotid artery, PCom posterior communicat-

ing artery, PCA posterior cerebral artery, BA basilar artery
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FIG. 6.8. An anteroposterior (a) and lateral (b) common carotid angiogram highlighting common anatomical variants
of the circle of Willis. In the AP view (a), the Al segment of the anterior cerebral artery (ACA) is absent (note the
absence of any vessels running in the usual location of the ACA parallel to the black line) and only the frontopolar
artery fills (dashed arrow). The posterior communicating artery (PCom) is large in caliber (b) and is seen filling the
posterior cerebral artery (PCA) which is seen with the typical “S” curve appearance lateral to the midline in the AP
plane (a) and coursing posteriorly on the lateral view (b). This is the so-called “fetal PCA” suggesting that the P1
segment of the PCA normally arising from the basilar artery is either absent or atretic. In this angiogram, the lack
of the ACA branches makes identification of the middle cerebral artery (MCA) branches simpler, particularly in the
lateral view (b). The MCA trunk or M1 segment (white arrow in (a)) divides into a superior (s in (b)) and an inferior
division (i in (b)). The relevant MCA cortical branches are shown in (b)

as it emerges from the carotid canal and enters the
cavernous sinus forming the cavernous ICA. In
the cavernous sinus, the ICA takes a rostral turn
and makes a C-loop adjacent to the sphenoid bone
before exiting the cavernous sinus and becoming
intradural. The anterior clinoid process lies in this
region. Therefore, the short segment of ICA, as
it exits the cavernous sinus but before it becomes
intradural, is the infraclinoidal ICA, which gives
off an anteriorly directed ophthalmic artery (the
first major and constant intracranial branch of the
ICA). The supraclinoidal ICA courses posteriorly
and rostrally and gives off the posteriorly directed
PCom (Fig. 6.9). The PCom connects with the
ipsilateral PCA and is the most constant of the
fetal connections between the anterior and poste-
rior circulations. Next, the ICA gives off the very
important anterior choroidal artery, which is also
directed posteriorly but which is very small and
not always seen angiographically. The ICA ends at
the carotid terminus (also carotid “T” or siphon) by

bifurcating into the middle cerebral artery (MCA)
and the ACA (Fig. 6.9).

The MCA is the most important vessel of the
anterior circulation and supplies the largest por-
tion of the cerebral hemispheres. It feeds important
cortical regions including the primary sensory
and motor cortices, Broca’s area, Wernicke’s area,
the angular and superior temporal gyri (primary
language areas in the dominant hemisphere), and
their counterparts in the nondominant hemisphere
(subserving visuospatial functions). Due to its
larger size (compared with the ACA) and the typi-
cal configuration of the carotid terminus being one
in which the ICA essentially becomes the MCA
giving off the ACA at an extreme angle, the MCA
is the recipient artery for the majority of cerebral
emboli, whether emanating from ICA stenoses or
from more proximal sources [6].

The MCA has several named branches and
segments (Figs. 6.8 and 6.9). The most proximal
segment is the M1 segment or the MCA trunk.
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FI1G. 6.9. Anteroposterior (a) and lateral (b) common carotid injection digital subtraction angiographic images show-
ing normal intracranial carotid territory vascular anatomy. The three major segments of the intracranial internal
carotid artery (petrous, cavernous, and siphon — also known as terminus or carotid T) are labeled. The ophthalmic
artery is well visualized in both views whereas the posterior communicating artery is typically best seen arising from
the carotid siphon in the lateral view (b). The middle cerebral artery (MCA) trunk is best seen in the AP plane as it
is foreshortened and overlapped with its own branches on the lateral view. The MCA segments are named as a group
by their general location and orientation relative to the Sylvian fissure (M2-M4). The M1 segment is by definition
the horizontal segment of the MCA, which most often is the MCA trunk. The angular artery is labeled in the lateral
view (b) as the posterior-most branch of the MCA as it exits from the Sylvian fissure. The lenticulostriate arteries
arising from the MCA trunk are seen faintly as a collection of small vessels on the AP view (a). The anterior cerebral
artery (ACA) segments (A1-A2) are shown in the AP projection and the two major branches of the ACA are best

seen on the lateral view

This segment projects laterally toward the Sylvian
fissure and also supplies multiple small perforating
vessels (the lenticulostriate arteries) to the basal
ganglia. Within the Sylvian fissure, the MCA trunk
bifurcates (or trifurcates) into vertically oriented
M2 segments, also known as the superior and
inferior divisions, or the anterior and posterior
divisions, respectively. The M3 segments are the
next horizontal segments as the MCA branches
take a turn laterally toward the surface of the
Sylvian fissure. After exiting through the Sylvian
fissure, the M4 segments travel over the lateral
convexity of the cerebral hemisphere. Each M4
branch is named for the cortical gyrus it supplies.
Similarly, the horizontal (and first) segment of the
ACA is called the Al segment. The Al segment
ends where the ACom connects the pair of ACAs
and it continues rostrally in between the cerebral
hemispheres and over the corpus callosum as the

A2 segment. There are two major named branches
of the ACAs: the pericallosal and callosomarginal
arteries (Fig. 6.9).

The intracranial posterior circulation consists of
the paired intracranial VAs (V4 segments), the BA,
and its terminal branches, the PCAs (Fig. 6.10).
The V4 segments of the VAs converge anterior
to the caudal pons to form a single BA. Each VA
gives off the posterior inferior cerebellar artery
(PICA) in its mid-V4 segment before supplying
a small but critical artery to the spinal cord, the
anterior spinal artery, as well as small feeders
to the medulla oblongata. In some cases, a non-
dominant VA can terminate in PICA and not sup-
ply any flow to the BA which becomes effectively
a continuation of the dominant contralateral VA.
Also, the PICA can sometimes arise extracranially
from the V3 segment and enter the intracranial
cavity via the foramen magnum. The BA supplies
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critical structures within the brainstem that regu-
late motor function, eye movements, respiration,
and wakefulness. The BA gives off small median
and paramedian perforating arteries (to the pons
primarily), the paired anterior inferior cerebellar
arteries (AICA), and the paired superior cerebel-
lar arteries (SCA) (Fig. 6.10). It terminates at the
pontomesencephalic junction into the paired PCAs.
The PCAs themselves supply perforators to the
midbrain and thalamus before supplying the bulk
of the blood flow to the occipital lobes and medial
temporal lobes.

In addition to variations of the circle of Willis,
there is also variability in the size, configuration,
and branching patterns of the MCAs, VAs, and BA.
Normal variants that may be of clinical consequence
are persistent anterior-to-posterior circulation anas-
tomoses other than the normal anastomosis, the
PCom [7]. Early in fetal development, the carotid
arteries develop first and supply flow to the ves-
tigial vertebral arteries via multiple channels. At
this stage, the VAs are not fully formed and consist
of a rete mirabile or network of numerous small
channels, which will fuse and eventually form the
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VAs and BA. The feeding channels from the ICAs
will eventually regress as the VAs are formed leav-
ing only the PComs as the sole anterior—posterior
circulation connection. When these vestigial con-
nections fail to regress, persistent anterior—pos-
terior connections other than the PCom will be
seen angiographically. The most commonly found
connection, and the most rostral, is the primitive
trigeminal artery which is found in approximately
0.5% of individuals. This vessel originates from
the dorsal aspect of the proximal cavernous ICA
and connects with the middle to proximal BA.
If it is large in caliber, the trigeminal artery will
supply the bulk of flow to the BA and the PCAs,
therefore the VAs will be small or atretic. Saccular
aneurysms are seen commonly (~25%) with this
anomaly. Recognition of this vessel is also impor-
tant because it may be a complicating factor in
patients with ICA stenosis. Not only can these
patients have VB ischemia from carotid stenosis,
but also if during intervention ICA blood flow is
sufficiently reduced the brainstem may become
ischemic and the patient can become comatose.
The other persistent fetal connections from rostral
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F1G. 6.10. Anteroposterior and lateral digital subtraction angiograms of a selective left vertebral artery (VA) angi-
ogram with reflux into the right VA (white arrow in (a)). The first intracranial branch of each VA is the posterior
inferior cerebellar artery (arrowheads in (a) and (b)). The two VAs then merge to form the basilar artery (asterisk in
(a) and (b)). The basilar artery supplies perforators to the pons and midbrain (not seen) as well as two anterior inferior
cerebellar arteries (also not well seen in these images) proximally and the two superior cerebellar arteries (dashed
arrows in (a) and (b)). The basilar artery terminates by dividing into the two posterior cerebral arteries (double arrows
in (a) and (b)). The posterior cerebrals and the basilar artery apex give rise to thalamoperforators and the posterior
choroidal artery, among others, to supply critical feeders to the diencephalon
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to caudal are very rare and include the otic artery
originating from the petrous carotid, a hypoglossal
artery originating from the distal cervical ICA to
BA through the hypoglossal canal, and the proat-
lantal intersegmental arteries types 1 and 2 which
connect the cervical ICA to the BA or VA through
the foramen magnum.

Cerebral Circulation: Unique
Features

The cerebral arteries are histologically different
from comparably sized peripheral arteries. The
walls of the cervical ICAs and VAs are, like other
muscular arteries, composed of an intimal layer,
internal and external elastic laminae, a thick and
muscular tunica media, and an adventitial layer
[8]. Within millimeters after the ICAs enter the
petrous bone and the VAs penetrate the dura at the
foramen magnum, the vessels lose their adventitia
and external elastic lamina, making these arteries
much more fragile than their coronary or peripheral
counterparts. Another important feature is that the
intracranial vessels (ICA, MCA, ACA, PCA, VA,
and BA) are situated within the subarachnoid space.
The ICAs enter the subarachnoid space as they exit
the cavernous sinus becoming intradural, and the
VAs become intradural at the foramen magnum.
Therefore, perforation or rupture of these vessels
may result in subarachnoid hemorrhage (SAH),
which can be rapidly fatal. This quality should lead
to extreme caution during endovascular interven-
tions. Another feature of the intracranial circula-
tion is that there are surface or pial (after the pia
matter of the brain) collaterals between the ACA,
MCA, and PCA. These anastomoses between ter-
minal arterioles are not as robust as the collaterals
from the circle of Willis but in certain conditions,
particularly slowly progressive pathological states,
they can supply significant amounts of collateral
flow to the underperfused region.

The cerebral circulation is rigidly regulated to
maintain CBF constant since low CBF can cause
ischemia and excessive CBF can cause intracerebral
hemorrhage (ICH). The physiological mechanism
by which this is achieved is called cerebral autoreg-
ulation. Throughout a broad range of arterial blood
pressures, mean arterial pressures of ~50-175, CBF
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is maintained constant around a value of 50-60
ml/100 g min~!. Beyond these limits, there is a
critical decrease or increase in CBF leading to
ischemia or ICH, respectively. This mechanism
is effective under normal conditions but in path-
ological conditions causing cerebral ischemia
there is a loss of autoregulation. This occurs
because of maximal arteriolar vasodilation to
maintain CBF. As a consequence, CBF becomes
linearly dependent on mean arterial pressure.
Therefore, since the brain cannot decrease its
energy demands, any reduction in blood pressure
will necessarily reduce CBF and can worsen cer-
ebral ischemia. This is in contrast with coronary
ischemic conditions where reduction in systolic
blood pressure can actually reduce myocardial
oxygen demand and attenuate ischemic injury.
The converse situation, excessive CBF due to
hypertension, even if the hypertension is rela-
tive to previous values such as in a patient who
has had a recent carotid revascularization, can
result in ICH due to endothelial and vascular
injury [9].

Finally, the brain is extremely sensitive to
embolization. In the peripheral tissues, except
for massive embolization in a patient with poor
collaterals, embolization is not often of clini-
cal consequence. Even minute emboli to a small
caliber cerebral vessel can cause major clinical
syndromes if an eloquent area of brain is affected,
particularly if it is an end artery without collater-
als. For example, the anterior choroidal artery
(300-500 pum) supplies among other structures,
the posterior limb of the internal capsule, which
contains the corticospinal tract. Infarction of this
region often causes a complete, dense hemiplegia.
Large emboli of course can be quite devastating if
they occlude specific portions of the cerebral vas-
culature. Carotid terminus (i.e., siphon) occlusion
carries a particularly poor prognosis with 40-60%
mortality and has a poor recanalization rate with
intravenous and even intra-arterial thrombolysis.
This is because occlusion in that location often
prevents collateral flow from the contralateral ICA,
via the ACom, from reconstituting the MCA [10].
In addition, if there is poor collateral flow to the
ipsilateral ACA, patients can develop both MCA
and ACA territory infarcts, which frequently, and
rapidly, lead to brain swelling and herniation.
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Conclusions

The cerebral arterial tree is complex and differs
significantly from the peripheral and coronary vas-
culature due to both anatomical and physiological
qualities. Combined with the complex anatomy and
physiology of the brain, these factors necessitate that
a systematic approach to the patient with cerebrov-
ascular disease be founded on a solid understanding
of cerebrovascular anatomy and physiology.

Key Points

Clinical/Pathological

* Due to variability in the circle of Willis (which
is complete in only 25% of individuals), some
conditions may be clinically silent or affect
unexpected regions of the brain (e.g., an occipital
stroke from an ICA stenosis) leading to diagnos-
tic uncertainty for the unwary.

There is a loss of cerebral autoregulation in path-
ological conditions causing cerebral ischemia.

e The brain cannot decrease its energy demands;
therefore, any reduction in blood pressure will
reduce CBF which can worsen cerebral ischemia.
This is in contrast with coronary ischemic condi-
tions where reduction in systolic blood pressure
can actually reduce myocardial oxygen demand
and attenuate ischemic injury.

Anatomical/Technical

* The complex embryological development of the
aortic arch leads to several anatomical variants that
must be recognized for safe carotid intervention.
Increasing age, atherosclerosis, and uncontrolled
hypertension can lead to elongation and rostral
migration of the distal aortic arch and a change in
the relative positions of the great vessels, increas-
ing the technical complexity of carotid stenting
(see Chaps. 7 and 11).

 There is variation in the position of the carotid
bifurcation. Very high (C1) or low bifurcations
(T1) can make surgical exposure difficult; such
patients may be better treated endovascularly.
Intracranial ICA collateral sources include the
vidian artery, caroticotympanic artery, artery of
the foramen rotundum, the inferiolateral trunk,

73

and the ophthalmic artery, which can fully recon-

stitute intracranial ICA flow.

If a fetal PCA is combined with another common

variant, an absent ACom or an absent or atretic

Al segment of the ipsilateral ACA, the ICA terri-

tory on that side is considered to be isolated and

has no direct potential collateral sources, which
can lead to intraprocedural problems if the blood
pressure falls precipitously.

* The MCA is the recipient artery for the majority

of cerebral emboli, whether emanating from ICA

stenoses or from more proximal sources.

Identification of the primitive trigeminal artery

(0.5% of individuals) is important during carotid

stenting as these individuals may suffer brain-

stem ischemia and coma if ICA blood flow is
sufficiently reduced intraprocedurally.

e In their intracranial portions, vessels lose their
adventitia and external elastic lamina, making them
much more fragile than their coronary or peripheral
counterparts. As the intracranial vessels are situated
within the subarachnoid space, perforation/rupture
may result in SAH, which can be rapidly fatal.

* Even minute emboli to a small caliber cerebral

vessel can cause major clinical syndromes if an

eloquent area of brain is affected. For example, the
anterior choroidal artery (300-500 pm) supplies
the posterior limb of the internal capsule, which
contains the corticospinal tract. Infarction of this
region often causes a complete, dense hemiplegia.

Carotid terminus (i.e., siphon) occlusion car-

ries a particularly poor prognosis with 40-60%

mortality and has a poor recanalization rate with

intravenous and even intra-arterial thrombolysis.

If there is poor collateral flow to the ipsilateral

ACA, patients can develop both MCA and ACA

territory infarcts, which frequently, and rapidly,

lead to brain swelling and herniation.
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Patient Selection: Anatomical

Robin Williams and Sumaira Macdonald

Careful case selection is an absolute prerequisite
for safe carotid artery stenting (CAS) practice.
All patients being considered for CAS require
“overview” anatomic imaging, i.e., from the arch
origins of the great vessels to the circle of Willis.
This may be achieved by arch aortography, or if
there is local enthusiasm and expertise (and bear-
ing in mind that noninvasive imaging modalities
have not been validated for assessment of the arch
origins), by contrast-enhanced magnetic resonance
angiography (CEMRA) or computed tomographic
angiography (CTA) (see Chap. 5).

Absolute contraindications to carotid stent-
ing are an occluded ICA or visible thrombus.
A difficult origin of the brachiocephalic artery
from the ascending aorta or of the left CCA from
the brachiocephalic artery may make selective
catheterization difficult or impossible. Because
of problems with access, any severe tortuosity
of the brachiocephalic artery or CCA is a rela-
tive contraindication to endovascular treatment.
Tortuosity of the ICA above the stenosis may
prevent use of a cerebral protection system other
than reverse flow. This same tortuosity may be
turned into a kink or occlusion by a stent. In all
these situations, consideration should be given to
carotid endarterectomy (CEA).

The concept of anatomic suitability for endovas-
cular repair of abdominal aortic aneurysm (EVAR)
has been accepted for some time. Those with unfa-
vorable infrarenal necks and severe iliac tortuosity,
e.g., may be less suited to an endovascular solution.
The procedural risks of EVAR are not necessarily

increased but the durability of an endovascular
treatment may be inferior to open repair in this
patient population. What has evidently been less
clear until recently is that there may be certain
anatomic features that render a patent less suitable
for an endovascular treatment option for carotid
stenosis. For CAS, it is less an argument of poor
durability than one of increased procedural risk.
The ultimate goal of any carotid intervention is, of
course, survival free of ipsilateral stroke. As proce-
dural risk is offset against longer-term stroke-free
survival, measures to reduce procedural stroke are
vitally important.

Level of operator experience for CAS is an
important consideration in the attendant procedural
hazards of that intervention, but the influence of ana-
tomic suitability should not be overlooked. Indeed,
operator experience and anatomic suitability are
closely linked. Experienced interventionists are able
to safely treat a wider range of challenging anato-
mies than novice.

This chapter seeks to explore and define some of
the anatomic factors that may increase procedural
risks of CAS.

Learning Curve Is More Than the
Acquisition of Technical Ability

Dr. Mark Wholey, an experienced carotid interven-
tionist who has performed more than 1,000 carotid
stenting procedures, was recently quoted as saying
“When the surgical high-risk carotid stent trials
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were initiated, we presumed we could stent all
patients who met the entry criteria” [1]. He subse-
quently concluded, in an article for Endovascular
Today, “We know that with CAS, there are two
critical ways to avoid stroke: patient selection and
operator experience” [2].

The carotid interventionists at Lenox Hill Heart
and Vascular Institute of New York, comprising
interventional cardiologists and an interventional
neuroradiologist, were instrumental in the develop-
ment of CAS and its FDA approval. They are experi-
enced interventionists working in a high-throughput
center, having performed more than 2,000 CAS
procedures. They evaluated their outcomes for
CAS early in their experience, i.e., between 1994
and 1998 [3]. At that time, their treated population
amounted to 390 patients. Dedicated carotid stents
were only just becoming available toward the end
of this 4-year period, as were rapid-exchange sys-
tems and the importance of the dual antiplatelet
regime during CAS was only just being realized.
This period in time predates commercially avail-
able cerebral protection devices. What was clearly
demonstrated was a year-on-year decrease in pro-
cedural stroke and death.

Some may argue that this reduction in adverse
event rate simply represents the interventionists’
learning curve for the technicalities of the proce-
dure. Indeed, there was a clear linear correlation
between number of patients treated and adverse
event rate within the CAVATAS trial — both the
outcomes for carotid endarterectomy and carotid
angioplasty (the percutaneous carotid interven-
tion was fairly rudimentary in this early rand-
omized trial) improved with increasing patient
throughput [4].

However, the authors of the early Lenox Hill
experience came to a different conclusion: “At the
start, only pedunculated thrombus was considered a
contraindication” [3]. Later a number of relative con-
traindications became apparent. These factors — that
included stenoses >90%, length and multiplicity of

Interval Stroke and death rate (%)
1994-1995 6.8
1995-1996 5.8
1996-1997 5.3
1997-1998 4.1

Williams and Macdonald

stenoses, concentric calcification and kinks, and
tortuosity and angulated takeoff of the internal
carotid artery — were associated with a poorer
outcome during CAS, i.e., they incurred a higher
procedural risk.

“Knowledge rests not upon truth
alone, but upon error also”
(Carl Gustav Jung 1875-1961)

The learning curve is arguably more than the acqui-
sition of technical ability; it also encompasses an
understanding of appropriate patient selection.

Subsequent work from the Lenox Hill group
has further refined the anatomic features that were
associated with increased risk [5]. The authors
considered that some lesion characteristics (e.g.,
degree of stenosis and length) were associated with
increasing technical difficulty, but that the two most
important anatomic features predicting increased
procedural risk were heavy concentric calcifica-
tion (=3 mm in width and deemed by at least two
orthogonal views to be circumferentially situated
around the lesion) and excessive tortuosity (defined
as >2 flexion points that exceed 90°, within 5 cm
of the lesion, including the takeoff of the internal
carotid artery from the common carotid artery). In
the authors’ experience of 1,500 CAS cases at that
time, whilst it was accepted that complex anatomy
could be dealt with by special techniques, it was
clear that the presence of two or more risk factors
significantly increased procedural risk.

The association between aortic arch anomalies
and procedural risk was explored in a recent study
[6]. Two hundred nineteen consecutive patients
undergoing CAS were evaluated. One hundred
eighty-nine (88.3%) were categorized as hav-
ing “normal anatomy,” defined by the authors as
types I-III arches, and the remaining 25 (11.7%)
were considered to have abnormal anatomy, i.e.,
bovine-type arch, direct arch origin of great ves-
sel, or agenesis of the CCA. Technical failure
occurred overall in 26 cases (12%) and neuro-
logical complication in 14 cases (6.5%). Technical
failure was higher in the arch anomaly group;
however, the difference did not reach statistical
significance (89.6 vs. 76.4%, p = 0.1). Neurological
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complications occurred more frequently in the arch
anomaly group (20 vs. 5.3%, p = 0.039). Type of
arch was the only variable independently associ-
ated with neurological complications (OR = 2.01,
p = 0.026). The authors concluded that aortic arch
anomalies were not infrequent and were associated
with increased risk of neurological complications.
Complex arterial anatomy is more common in the
elderly and, although the safety of CAS in octoge-
narians is the subject of ongoing debate, this might
explain, in part, why the event rate reported in the
lead-in phase of the CREST trial increased with
age and why the effect was not seen to be mediated
by potential clinical confounding factors [7].

The relationship between patient age, certain
anatomic features, and outcome following CAS
was recently explored [8]. Anatomic characteristics
that were considered to have the potential to impact
on the outcome of CAS were evaluated in 135
procedures performed in 133 patients. Anatomic
factors were judged to be either favorable or unfa-
vorable and these included aortic arch elongation,
arch calcification, arch vessel origin stenosis,
common and internal carotid artery tortuosity,
degree of stenosis, lesion calcification, and length.
Thirty-seven patients (28%) were >80 years of
age. Those patients who were >80 years old had an
increased incidence of unfavorable arch elongation
(» = 0.008), arch calcification (p = 0.003), com-
mon carotid or innominate artery origin stenosis
(»p = 0.006), common carotid artery tortuosity
(p = 0.0009), internal carotid artery tortuosity (p =
0.019), and an increased degree of treated lesion
stenosis (p = 0.007). No significant difference was
found for treated lesion calcification or length. The
combined stroke, myocardial infarction, and death
rate for the entire population was 3.7%. The rate
was significantly increased in patients aged >80
years old (10.8%) compared with those aged
<80 years old (1%, p = 0.012). The authors con-
cluded that elderly patients, defined as those aged
>80 years, had a higher incidence of anatomic fea-
tures that increased the technical difficulty of CAS.
This increase in unfavorable anatomy seemed
to be associated with an increased complication
rate during CAS. Although the small number of
perioperative events did not allow for determina-
tion of a direct relationship with specific anatomic
characteristics, it was argued that the presence of
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unfavorable anatomy warranted serious consid-
eration during evaluation of patient suitability for
CAS, especially in elderly patients.

It would seem that certain anatomic factors
influence outcome for CAS. But the world litera-
ture is limited and there have been no attempts at
a systematic evaluation of these anatomic factors.
One way of evaluating those anatomic factors that
may impact on outcome for CAS is to use consen-
sus methodology.

There are a number of formal consensus meth-
ods and these include consensus development con-
ferences, nominal group techniques (NGT), and the
Delphi consensus method (named after the oracle
at Delphi). The former is not infrequently used in
medicine, the latter two are less commonly used
in medicine — they both require specialist statistical
analysis — but are gaining favor. For the consensus
development conference, the interaction is not
structured, the data aggregation method is implicit
— there is no statistical analysis applied — and there is
face-to-face interaction amongst panelists, thereby
allowing more charismatic (or aggressive!) mem-
bers of the group to dominate opinions and the
outcome. The NGT and Delphi methods involve
complex statistical analysis in which judgments are
combined according to strict mathematical rules
and, in both, interaction is structured. However, the
Delphi method has the advantage of no face-to-face
contact; panelists’ decisions are made in isolation
and subsequently reviewed by an experienced
statistician.

Because of its advantages as a consensus method-
ology, the Delphi method was proposed as a means
of deriving a simple scoring system of anatomic
suitability based on a panel of experts’ responses to
an electronic questionnaire. The specific aim was
to guide novice interventionists (i.e., those who
had performed <50 CAS cases) in their selection of
patients for CAS. To make the results and the scor-
ing system relevant to the wide range of practition-
ers who perform CAS and to reduce “group think,”
the panelists, chosen primarily because of their
CAS expertise, included representation from inter-
ventional cardiology, interventional radiology, and
vascular surgery and were geographically diverse.
For Delphi methodology, six panelists are the mini-
mal requirement. For between 6 and 11 panelists,
there is a linear relationship between increasing
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number and increasing yield but no additional
advantage is demonstrated after the inclusion of
11 experts.

The panelists:

— Interventional Cardiology: Alberto Cremonesi
and Robert Fathi

— Interventional Radiology: Peter Gaines, Sumaira
Macdonald, Claudio Schénholz, and Jos van den
Berg

— Vascular Surgery: Jean-Pierre Becquemin, Marc
Bosiers, Michel Makaroun, Jon Matsumura, and
Peter Schneider

The exercise was divided into four sections. In
“Round 1,” panelists were asked to propose indi-
vidual anatomic criteria that were thought to be
important considerations during CAS, and these
were duly subdivided according to anatomical
level, i.e., “access,” “arch,” and “target vessel.”

There was consensus on the inclusion of the fol-
lowing anatomic criteria:

e Access:
—Low bifurcation/short CCA
— Tortuous CCA
—Diseased CCA
— Diseased/occluded ECA
e Arch:
— Severe arch atheroma
—Severe arch origin disease
—Type III arch
—Bovine arch
e Target vessel:
—Pinhole stenosis (flow beyond)
— Angulated ICA origin
— Angulated distal ICA
— Circumferential calcification of ICA

In “Round 2,” each anatomic criterion was
judged individually in terms of the level of dif-
ficulty it imparted. The panelists scored the iso-
lated factors on a scale of 1 “easy” to 9 “difficult”
using a simple visual analog scale (Fig. 7.1). The
panelists were instructed to imagine that they
were advising novices who were going to perform
a filter-protected CAS case themselves on each
anatomy. The panelists’ responses were analyzed
by the statistician. Mathematical agreement was
defined as those scores lying within three points of
each other on a scale of 1-9. Figure 7.2a demon-
strates an example of good agreement and Fig. 7.2b
represents an example of poor agreement.

Williams and Macdonald

TORTUOUS CCA

DIFFICULT

FiG. 7.1. An example of an individual anatomic param-
eter and the scoring scale in “Round 2”

a ANGULATED ICA ORIGIN
DIFFICULT

6 7T 8 9

SD

AGREEMENT

b SEVERE ARCH ATHEROMA

DIFFICULT

5 6 78 9

A

MEAN
sD

AGREEMENT

FiG. 7.2. (a) “Round 2”: an example of good agreement
between the panelists on the level of difficulty of an indi-
vidual anatomic parameter. (b) “Round 2”: an example
of a poor level of agreement between panelists on the
level of difficulty of an individual anatomic parameter
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TaBLE 7.1. Difficulty rating and interobserver agreement
for individual anatomic criteria.

Difficulty Agreement
Round 2 median £ SD (%)
Low bifurcation 2.0 (0.9) 93
Occluded/severely 3.1(1.3) 84
diseased ECA
Bovine arch 4.5(1.5) 76
99% stenosis (pinhole) 5.4 (1.9) 60
but flow beyond
Diseased CCA (>50%) 5.6 (0.8) 100
Angulated distal ICA 5.6 (1.6) 73
Severe arch atheroma 6.0 (2.7) 47
Type III arch 6.4(2.2) 64
Circumferential 7.0 (1.6) 78
calcification of ICA
Angulated ICA origin 7.1 (0.9) 100
Severe arch origin disease 7.6 (1.3) 80
Tortuous CCA 8.4 (1.0) 87

SD standard deviation

In Table 7.1, the anatomic factors assessed indi-
vidually are listed in terms of increasing difficulty,
alongside their judged median level of difficulty,
and level of agreement between panelists for that
parameter.

It is notable that tortuosity of the common
carotid artery scores as “very difficult” for nov-
ice interventionists, with a mean score of 8.4.
Excessive tortuosity increases the difficulty of
lesion access and even if access is gained in this
type of anatomy, it may not be maintained, with
the potential of losing access when one least wants
to, part way through the procedure. Angulated
distal ICA scored 5.6, i.e., it was judged as a less
difficult anatomic entity but tortuosity here may
make device delivery difficult, and can prevent
positioning of a distal embolic protection device
(but can be managed using flow reversal as a
means of cerebral protection). These two sites of
tortuosity may expose the patient to the risks of
atheroembolism from the arch, to air embolism,
excessive contrast administration, bifurcation
plaque disruption, and ICA dissection. Of the two
main arch variants to be considered, the bovine
arch was considered to be less of a challenge than
the type III arch and of two “lesion” characteris-
tics, circumferential calcification scored as more
technically challenging than a “pinhole” stenosis
(with flow beyond).

In “Round 3,” panelists were asked to propose
which of the anatomic criteria from “Round 1”
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could be lost without loss of discrimination, to
reduce the final number of combinations. “Round
4. the final round, or “derivation phase” represents
a full factorial design, incorporating 96 combination
anatomies and this round is ongoing. Once the
“derivation” phase is completed, the aim is to
validate the scoring system proposed. This will be
done by evaluating patient anatomy on “overview”
anatomic imaging obtained within completed ran-
domized trials such as EVA3S [9], thereby com-
paring patient anatomies that score as “difficult”
for CAS as judged objectively by the expert panel
with the procedural outcomes in these patients. It
must be borne in mind that 85% of those perform-
ing CAS within EVA3S had performed <50 cases,
thereby qualifying as “novices” in the Delphi
consensus.

Summary

There is evidence to support the fact that certain
anatomic features increase the technical difficulty
and thus the procedural risks of CAS and that these
features may be more frequently encountered in the
elderly. A formal mathematical consensus method
is ongoing, with the aim of developing a scoring
system to quantify technical difficulty and thus
guide inexperienced practitioners to safer patient
selection for CAS.
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Plaque Stability and Carotid Stenting

M. Bosiers, K. Deloose and P. Peeters

Introduction

Carotid angioplasty and stenting (CAS) is increas-
ingly being performed for the treatment of severely
stenotic carotid disease [1-5]. Despite, this growing
acceptance, the recently published data of the Eva-3S
trial [6], performed in France, and the SPACE trial
[7] in Germany failed to prove superiority of CAS
over CEA. Nevertheless, earlier publications show
that with growing experience and the development of
dedicated CAS equipment and devices, CAS can be
performed safely and efficiently [2, 8].

The term “vulnerable” or “unstable plaque”
refers to a plaque at increased risk of caus-
ing thrombosis and lesion progression. Therefore,
plaque stability is an important predictor for both
primary stroke [9] and the outcome of CAS [10].
Patients presenting with unstable or vulnerable
plaque are at increased risk for stroke due to the
emboligenic nature of the plaque. The plaques that
can be defined as most vulnerable are these with a
thin fibrous cap which are inflamed, noncalcified
and lipid-filled [11-13].

This chapter reviews available diagnostic methods
for identifying unstable plaque and provides impor-
tant guidelines for stenting patients presenting with
the highly emboligenic unstable plaque.

Diagnostic Tools

Different possible diagnostic tools are available to
identify unstable plaque. The value of ultrasound

imaging in the evaluation of plaque stability
has been well documented. Biasi et al. [14] and
el-Barghouty et al. [15] simultaneously developed
a computerized methodology to evaluate carotid
plaque morphology based on color flow duplex
examination. A digitized B-mode image at the level
of the highest stenosis as determined by the peak
flow velocity measurement is transferred to the
computer and analyzed for the gray-scale median
(GSM) of the carotid plaque (Fig. 8.1). The GSM
represents the median of the frequency distribution
of gray tones of the pixels included in the region of
interest (median echo level, GSM of the region) in
a scale of 256 gray tones (0-5 darkest tone; 255-5
brightest tone) and describes the overall brightness
of the region of interest. Dark regions are associated
with a GSM close to 0, whereas the GSM of bright
regions can approach 255.

For the GSM analysis, first a blood region and
an adventitia region are outlined on the selected
image. The normalized gray scale for the blood is
defined as 0 and 195 for the adventitia. Based on
the GSM of these two echo-anatomic reference
points, the total carotid plaque is normalized by
automatic linear scaling. The imaging processing
for GSM calculation can be performed by means
of the commercially available and user-friendly
Adobe Photoshop software®, as follows [16-18]:

1. The color information in the image is omitted
so that all the processing and analysis is per-
formed on images in gray mode.

2. An area in the blood (free of noise) is selected.
The GSM is obtained by using the histogram
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FiG. 8.1. GSM calculation. (a) B-mode image of plaque. (b) Measurement of GSM in blood. (¢) Measurement of
GSM in adventitia. (d) Normalization (standardization) based on algebraic linear scaling of image using “curve”
function of software. Gray-scale values of all pixels in image are adjusted according to input and output values of two
reference points (blood: input value is measured GSM before linear scaling and output value is 0-5; adventitia: input
value is measured GSM before linear scaling and output value is 185-195). In the resultant image, GSM of blood
equals 0-5 and that of the adventitia equals 185-195. (e) Normalized image. (f) Calculation of GSM in normalized
plaque (GSM = 48) [10]

facility in the program and the median value of 4. Image standardization. Algebraic scaling of the

the gray levels of all the pixels. whole image is performed using the “curves”
3. Similarly, part of the adventitia is selected. The facility of the software. This is linear and based
measurement of the GSM has to be made at on the two reference points: blood and adventi-
the brightest part of the adventitia on the same tia. The scale is adjusted so that the gray value

arterial wall as the plaque. of the blood is in the region of 0-5 and that of
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the adventitia in the region of 185-195. Thus,
the gray values of all pixels will change as
defined by this new linear scale.

5. Measurement of echodensity (gray levels of the
pixels) of the plaque. In standardized images,
the plaque is outlined by the mouse of a per-
sonal computer and the GSM, defined as the
median of overall gray shades of the pixels in
the plaque, can be obtained from the histogram
of the gray shades of plaque pixels.

It has been shown that the GSM gives a good
measure of overall plaque echogenicity and can be
used as a predictor for the stroke risk in CAS. Biasi
et al. [10] performed the ICAROS trial (Imaging
in Carotid Angioplasty and Risk of Stroke) and
concluded that carotid plaques with GSM < 25 are
defined as echogenic and that in these patients the
risk of stroke in CAS is significantly increased. The
ICAROS investigators included 418 CAS patients
that received a preprocedural echographic evalu-
ation of carotid plaque with GSM measurement.
The onset of neurological deficits during the pro-
cedure and the postprocedural period was recorded.
It was shown that patients with a GSM < 25 had
a significantly increased (p = 0.005) stroke rate
(7.1%) if compared with patients with GSM > 25
(1.5%) [10].

Carotid intimal medial thickness (IMT) can also
be considered as a marker for plaque vulnerability.
According to the recommendations of the American
Society of Echocardiography and the Society of
Vascular Medicine and Biology, carotid plaques with
an IMT of >1 mm are strong predictors of carotid
disease progression [19] and stroke [20].

Another new approach to identify plaque insta-
bility by means of duplex is the pixel distribution
analysis (PDA) described by Lal et al. [21]. With
this PDA technique, which is based on the fact that
different tissues reflect US differently, it is possible
to localize and quantify the amount of intraplaque
hemorrhage, lipid, fibromuscular tissue, and cal-
cium in the plaque. Furthermore, this technique
allows comparison of the architectural features (lipid
core size and core location) of different plaques.
Using the PDA technique, the authors did find
significant differences between plaques in symp-
tomatic and asymptomatic patients. Plaques from
symptomatic patients demonstrated with signifi-
cantly larger quantities of intraplaque hemorrhage
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and the lipid cores were larger and were located
closer to the flow lumen as these in asymptomatic
plaques. Asymptomatic plaques were characterized
by smaller amounts of calcium. For fibromuscular
tissue, no difference was observed between the two
groups [22].

To date, the use of MRI, CT scanning, or PET
scanning has limited value in the diagnosis of
vulnerable plaque. Mohler [23] has pointed out
that MRI usually confirms presence of vulnerable
plaque as diagnosed on duplex. In the future, high-
resolution MRI may be helpful for characterizing
plaque, but to date those programs are not readily
available. Also, CT scanning may have a role in
the future to diagnose unstable plaque. With a CT
scan with or without X-ray contrast dye, the lipid
content of plaque can be identified, but the fact the
calcium in the plaque can create shadowing on CT
makes it difficult to determine the degree of steno-
sis and the component of the plaque [23].

Carotid Stenting

Unlike carotid endarterectomy (CEA), where the
plaque is completely removed from the body, the
plaque remains in the artery after CAS. As this
source of potentially hazardous debris stays in the
artery, there is a requirement for protection against
embolization potentially leading to devastating
neurological complications. As shown in different
publications, embolic protection devices (EPDs)
offer good brain protection during the intervention,
resulting in optimal procedural success rates with
low neurological complication rates in all patients
[1, 3, 4]. All EPD systems currently on the market
can be classified under three main groups, each
with its own working principle (1) distal occlusion
devices, (2) distal filters, and (3) proximal occlu-
sion devices. Specifically for vulnerable lesions,
proximal occlusion devices seem attractive as they
do not require potentially hazardous lesion passage
before complete cerebral protection is established
[24]. Nevertheless to data, there is insufficient evi-
dence to prove the case.

It has been shown by Cremonesi et al. [25] that
in centers with good experience in CAS, since
the introduction of dedicated CAS equipment and
devices, there has been a clear shift from intrap-
rocedural to postprocedural complications. They
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Fi1G. 8.2. Temporal distribution of embolic events [25]

observed, as presented in Fig. 8.2, that approxi-
mately two third of all events occur after the pro-
cedure, which are probably caused by late emboli
through the struts of the stent.

Vulnerable Plaque and Stent
Scaffolding

After the procedure, as soon as the EPD is removed,
the only protection against brain embolization
remains the selected carotid stent. Therefore, the
stent scaffolding capacities of the stent are poten-
tially of major importance to obtain a stroke-free
CAS outcome. It is the mesh design of the stent
that has to guarantee that no debris is dislodged
through the stent interstices. Logically, stents with
a smaller free cell area and hence a greater per-
centage of wall coverage may better contain the
fractured and dilated plaque after CAS resulting in
a lower number of postprocedural events.

With this in mind, we recommend that the stent
manufactures improve the stent scaffolding capaci-
ties of their stents by downsizing the free cell areas

of there stents, but according to Wholey and Finol
[26] this is unfortunately easier said than done.
They stated that, in their quest for the ideal carotid
stent, the stent designers have to ideally balance
long-term stent performance characteristics such
as axial and circumferential stiffness and strength,
scaffolding properties, conformability, and side
branch preservation with acute considerations
relating to deliverability and deployment, such as
constrained profile and flexibility. The design team
has to consider numerous interrelated parameters,
such as strut length and width, wire diameter and
pitch, bridge configuration, material selection, and
processing conditions to achieve optimal perform-
ance [26]. So, changing one stent design feature,
such as free cell area to improve the scaffolding
potential of the stent, has an immediate and direct
impact on overall stent behavior.

An often used classification for stent design
is the binary “open” and ‘“closed” cell design
one, in which the differentiation is made by the
number and arrangement of bridge connectors. In
closed-cell stents, the adjacent ring segments are
connected at every possible junction with flexible
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FiG. 8.3. (a) Fully supported closed-cell design demonstrating comparable flexibility to the (b) unsupported open-cell
design [26]

bridge connectors, allowing some limited degree
of flexion between adjacent rings (Fig. 8.3). In the
open-cell stents, not all junction points are inter-
connected, which allows more between adjacent
ring segments. The flexion benefits of an open-cell
design have a cost in scaffolding uniformity, just
as the scaffolding benefits of a closed-cell design
have a cost in flexion and conformability [26].

In our first publication on the effects of stent
design on CAS outcome, the binary “open” and
“closed” cell design classification was used. We
retrospectively reviewed 701 CAS patients and
found a total 30-day stroke, death, and TIA event
rate of 11.1% in the patients treated with open-cell
designed stents vs. 3% for the group treated with
closed-cell stents [27]. Wholey and Finol [26]
stated that this classification may be too general
for comparison and concluded that cell size and
surface area coverage appears to be more impor-
tant. They gave the example that a closed-cell stent
with a diameter of 1,000 um is more likely to be
responsible for plaque prolapse and embolization
than an open cell of 500 pum.

In our later publication on the correlation
between carotid stent design and clinical event

rates using the data of the Belgian—Italian Carotid
(BIC) registry [28], it was decided to categorize the
stent according to their free cell area. Stents were
classified into four subgroups according to the free
cell area of the stents (Fig. 8.4):

1. <2.5 mm?%* Wallstent (1.08 mm?) and X-Act
(2.74 mm?)

2. 2.5-5 mm?: NexStent (4.07 mm?)

3. 5-7.5 mm?: Precise (5.89 mm?) and Exponent
(6.51 mm?)

4. >7.5 mm?: Protégé (10.71 mm?) and Acculink
(11.48 mm?)

The BIC registry was performed in four highly
experienced CAS centers in Belgium and Italy
(Department of Vascular Surgery of the AZ
St-Blasius in Dendermonde, Belgium; Department
of Cardiovascular and Thoracic Surgery of
the Imelda Hospital in Bonheiden, Belgium,;
Department of Vascular and Endovascular Surgery,
University of Siena, Italy; and Interventional
Cardio-Angiology Unit, Villa Maria Cecilia
Hospital, Cotignola, Italy) the importance of
stent selection. A total population of 3,179 CAS
patients was available for analysis, of which
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F1G. 8.4. Overview of the investigated stents and their free cell areas (based on Houdart CIRSE 2005)

41.4% presented as baseline as symptomatic
and 58.6% as asymptomatic. Protected CAS was
performed in 3,049 patients (95.9%): distal filters
were used in 92.9%, proximal occlusion devices
in 6.4%, and distal occlusion systems in only
0.8% of the cases. Stenting was performed in all
patients; 66.3% received stents with a free cell
area <2.5 mm?, 4.2% between 2.5 and 5 mm?,
10.3% between 5 and 7.5 mm?2, and 19.2% of
the patients received a stent larger than 7.5 mm?.
Table 8.1 overviews the distribution of the used
EPDs and carotid stents used in the BIC registry.

Both for the total population and for the symp-
tomatic and asymptomatic subgroups, events were
subdivided into procedural (until removal of all
endovascular material) and postprocedural (until
30 days) events. The neurological complications
were defined as death, major stroke (i.e., clinically
persisting >24 h), minor stroke (i.e., persisting
<24 h), and TIA.

Table 8.2 reports the overview of event rates
related to the free cell area groups for the total
population, symptomatic and asymptomatic sub-
group in absolute numbers and percentage.

For the total population, we revealed signifi-
cant differences in event rates according to free
cell area. The differences were most clear for the

events that occurred in the postprocedural phase, in
which, as mentioned earlier, it is only the selected
carotid stent that protects against embolization.
Postprocedural event rates equal 1.2, 2.2, 3.4,
and 3.4% for free cell areas lower than 2.5 mm?,
between 2.5 and 5 mm?, between 5 and 7.5 mm?,
and higher than 7.5 mm?, respectively. The dif-
ferences in complication rates were substantially
more pronounced among symptomatic patients.
However, there was no evidence of differences
according to free cell area in the asymptomatic
population. In detail, testing showed that impor-
tant significant differences were observed in the
symptomatic population between stents with free
cell areas lower than 2.5 mm? on the one hand and
larger than 5 mm? on the other hand and this for
both event types (all events and postprocedural
events). Specifically, (all) event rates equal 2.3, 6.5,
and 7.5% for free cell areas lower than 2.5 mm?,
between 5 and 7.5 mm?, and higher than 7.5 mm?,
respectively, in the symptomatic patient popula-
tion. Postprocedural event rates equal 1.2, 5.2, and
7.0%, respectively, in that population.

Also in a second publication of the BIC registry
in which we aimed in finding differences between
the EPDs used [29], we had to conclude that all of
the observed differences in event rates between the
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EPD
Design Brand: manufacturer N (%)
Distal filtration FilterWire: Boston Scientific, Natick, MA, USA 1,640 (51.6)
Angioguard: Cordis, Miami Lakes, FL, USA 514 (16.2)
Accunet: Abbott Vascular Devices, Redwood City, CA, USA 204 (6.4)
Emboshield: Abbott Vascular Devices, Redwood City, CA, USA 177 (5.6)
Rubicon Filter: Boston Scientific, Natick, MA, USA 6(0.2)
Spider: ev3, Plymouth, MN, USA 191 (6.0)
Trap: ev3, Plymouth, MN, USA 82 (2.5)
Interceptor: Medtronic Vascular, Santa Rosa, CA, USA 13 (0.4)
Proximal occlusion Mo.Ma: Invatec, Roncadelle, Italy 150 (4.7)
NPS: W. L. Gore & Associates, Flagstaff, AZ, USA 42 (1.3)
Distal occlusion Percusurge: Medtronic Vascular, Santa Rosa, CA, USA 26 (0.8)
Unprotected 130 (4.1)
Stent
Free cell area (mm?2) Brand: manufacturer N (%)
<2.5 Carotid Wallstent: Boston Scientific Corp., Natick, MA, USA 2,107 (66.3)
2.5-5 X-Act: Abbott Vascular Devices, Redwood City, CA, USA 105 (3.3)
NexStent: Endotex, Cupertino, CA, USA 30 (0.9)
Precise: Cordis, Miami Lakes, FL, USA 293 (9.2)
5-7.5 Exponent: Medtronic Vascular, Santa Rosa, CA, USA 34 (1.1)
>7.5 Protégé: ev3, Plymouth, MN, USA 201 (6.3)
Acculink: Abbott Vascular Devices, Redwood City, CA, USA 409 (12.9)

TABLE 8.2. Event rates related to free cell area.

Total population Symptomatic population Asymptomatic population

Free cell

area All events Postprocedural All events Postprocedural All events Postprocedural
(mm?2) Patients (%) events (%) Patients (%) events (%) Patients (%) events (%)
<25 2,107 2.3 1.2 882 23 1.2 1,225 23 1.2

2.5-5 135 2.2 22 52 1.9 1.9 83 2.4 2.4

5-7.5 327 49 34 155 6.5 52 172 35 1.7

>7.5 610 3.8 34 228 7.5 7.0 382 1.6 1.3

Total 3,179 2.83 1.9 1,317 3.6 2.73 1,862 2.25 1.3

different EPDs and EPD types were explained by
the stent-type selected. We crosschecked the 3,030
CAS procedures in the registry which were per-
formed with commercially available EPDs, to see
whether any relation could be found between events
and the selected EPD. Eccentric filters (FilterWire,
Spider) were used in 1,831 (60.4%), concentric
filters (Emboshield, Angioguard, Trap, Accunet)
in 981 (32.4%), proximal occlusion (NPS, Mo.Ma)
in 192 (6.3%), and distal occlusion (Percusurge)
in 26 (0.9%) of the 3,030 cases in the analysis.

There was no significant difference in procedural
adverse neurological events observed for any of the
EPDs or types of EPDs. The observed differences
in 30-day events for different EPDS selected are
largely attributable to the difference in stent-type
used in conjunction with the EPD. A statisti-
cally significant difference was found in favor of
eccentric filters compared with concentric filters
at 30 days only (p = 0.04), but after adjustment for
risk factors and stent design this difference was
no longer apparent (p = 0.51). Taking the 30-day
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event rate after CAS using the FilterWire (2.2%) as
control reference value, a statistically significant
increased 30-day event rate was only found for the
Accunet (5.9%) concentric filter. Stents with a free
cell area larger than 5.0 mm? were used over 65%
of the Accunet cases, the predominant one being
the Acculink stent which has the highest free cell
area of the stents used in this study.

The findings of the BIC registry are supported
by a subanalysis of the SPACE trial [7], which
was performed by Prof. Jansen. He found a 30-day
event rate of 11.0% in patients treated with stents
with an open-cell design, while it was “only” 6.0%
for the patients treated with a closed-cell stent.

Vulnerable Plaque and Tortuous
Anatomy

Regarding the necessity of optimal scaffolding to
treat vulnerable carotid plaque, the presence of
vulnerable carotid plaque in a tortuous vessel poses
difficulties. Stents with high scaffolding charac-
teristics, small free cell area or closed-cell design,
currently have a limited flexibility. If placed in a
tortuous carotid, they tend to alter the vessels original
curve. If not placed accurately, the insertion of a
stent with good scaffolding capacities, but more
rigid design, can result in kinking of the carotid
vessel just distal of the implanted stent (Fig. 8.5).

In these tortuous bends, the flexibility of the
open-cell design may be required comprising the
potential scaffolding. This increases the risk of
plaque prolapse especially in the vulnerable lesions
(Fig. 8.6).

Furthermore, with the placement of open-cell
stents, the cells open on the concave surface of the
bend, which can cause prolapse and fish scaling on
the open surface. Fish scaling can lead to intimal
disruption with contrast extending to the adventitia
(Fig. 8.7).

These factors mean that CAS of vulnerable
plaques in tortuous lesions may require a compromise
approach. On the one hand, the vulnerable plaque
requires excellent scaffolding to prevent emboliza-
tion and on the other hand, the stent needs to be
flexible enough to accommodate to the vessel’s
tortuosity. In our practice, plaque scaffolding,
especially in the vulnerable lesion, is our prime
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determinator for selecting a stent with a small free
cell area, if we believe it is feasible to implant the
stent without significantly altering the vessel’s
anatomy. Alternatively, we will go for CEA in this
specific patient population.

Opimization Vulnerable plaque
Before CAS

Statins inhibit the enzyme 3-hydroxy-3-methylglu-
taryl coenzyme A reductase (HMG-CoA reductase)
which results in the inhibition of the body’s synthesis
of cholesterol and an increase in the number of low-
density lipoprotein (LDL) receptors expressed on
both hepatic and extrahepatic tissues. Both actions
lead to a decrease in plasma cholesterol levels.
Beside the LDL lowering effect, statins also reduce
inflammation, inhibit macrophage function, reverse
endothelial dysfunction, and decrease thrombo-
genicity [30, 31]. The combined effect of statins
“stabilizes” the vulnerable carotid plaque against
disruption. It has been demonstrated that in indi-
viduals with carotid artery disease with moderately
elevated LDL cholesterol levels, aggressive LDL
cholesterol lowering with statins can reduce cardio-
vascular events and overall mortality [32, 33].

Crisby et al. [34] investigated the use of pravas-
tatin as an adjunct to CEA, treating patients with
pravastatin to stabilize plaque preoperatively and
then investigating the composition of these plaques
after they were surgically removed. Patients with
symptomatic carotid artery stenosis received
40 mg day™' pravastatin or no lipid-lowering
therapy for 3 months prior to scheduled CEA. They
found that pravastatin administration resulted in a
decrease in lipids, lipid oxidation, inflammation,
matrix metalloproteinase 2, and cell death and an
increase in tissue inhibitors of metalloproteinase 1
and collagen content in the investigated plaques,
which are all consistent with a proposed plaque-
stabilizing effect.

Groschel et al. [35] investigated a group of 180
CAS patients of which 53 (29.4%) received statin
therapy for at least a week prior to CAS (atorvas-
tatin: n = 40, 10-40 mg day™'; simvastatin: n = 6,
40 mg day~'; pravastatin: n = 5, 10-40 mg day™';
cervistatin: n = 1, 0.3 mg day™'; and lovastatin:
n =1, 40 mg day™!). They found that preoperative
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Fi1G. 8.5. Stent selection for tortuous carotid lesions: (a) pre- and (b) postprocedural angiography of carotid artery stenting
(CAS), a closed-cell cobalt chromium alloy stent (Carotid Wallstent) causing kinking of the artery distal of the lesion

FiG. 8.6. Larger open-cell designed stents insufficiently
scaffold vulnerable lesions in tortuous anatomy [26]

statin prescription effectively reduced (p < 0.05)
the 30-day incidence of stroke, myocardial infarc-
tion, and death after CAS in symptomatic patients.

Key Points

* Different diagnostic methods are available to check
plaque stability. To date, the most commonly used
method is the GSM analysis. Carotid plaques with
GSM < 25 are defined as echogenic and have a
significantly increased risk of stroke after CAS.
Protected CAS can be safely performed in patients
with vulnerable lesions. Theoretically, the use of
proximal occlusion devices has the advantage
that the vulnerable lesion does not need to be
passed to install the EPD. To date, there is no
evidence available confirming this theory.

While during CEA the debris completely removed
from the body, the plaque remains in the artery
after CAS. As after the intervention the stent is
the only protector against potential embolization,
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FiG. 8.7. (a) Fish scaling of open-cell design at the concave surface of the stent. (b) Open-cell struts extending beyond

the intima with focal contrast extravasation after CAS [26]

the most important feature of the stent is scaffold-
ing and its late embolization prevention.

To provide the mandatory scaffolding of the
vulnerable lesion, we advocate the use of stents
with a small free cell area to perform CAS in
especially symptomatic patients.

In patients with combined vulnerable plaque and tor-
tuous lesions, we either perform CAS with the small
free cell area stents if we believe it can be implanted
without significant alteration of the vessel’s original
anatomy, or prefer to transfer the patient to CEA.
Statin administration prior to CAS lowers the
complication rate after CAS. Especially in vul-
nerable lesions, it is recommended to prescribe
statins in order to “stabilize” the plaque before
performing CAS.
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Pharmacological Support

D.R. Turner and S.M. Thomas

Pharmacotherapy in Patients
Undergoing Carotid Artery
Stenting

Introduction

Stroke is a major cause of morbidity and mortality
worldwide, and its occurrence has major implications
for the individual, family, and healthcare system
alike. Cerebral infarction accounts for approxi-
mately 70% of stroke, and atheroembolism from
carotid artery disease is implicated in 15-30% of
cases [1].

Survivors of ischemic cerebrovascular events are
not only at high risk of recurrent stroke, but also of
other adverse vascular outcomes, such as myocardial
infarction (MI) and vascular-related death, by as
much as 4-11% per annum [2, 3].

Some 15-23% of patients who present with stroke
will have experienced a prior transient ischemic
attack (TIA) [4, 5], nearly half of these within the
preceding 7 days [4]. Various clinical and investi-
gational tools have been proposed to identify those
patients at high risk of early recurrence [6-9].

Although carotid stenosis accounts for a rela-
tively small proportion of cases of cerebrovascular
ischemic events, its diagnosis is important, as it is
two to three times more likely to cause early recurrent
stroke than other subtypes [1, 9-11].

The risk of future stroke in those recently symp-
tomatic patients is considerable, particularly if the
stenosis is severe and associated with exhausted

cerebrovascular reactivity [12]. In patients present-
ing with hemispheric transient cerebral ischemia,
8—12% of patients will suffer a stroke within a
week, and 11-15% within a month of presentation
[13], presumably reflecting the ongoing unstable
nature of the atherosclerotic lesion. Thus, early
intervention is warranted to minimize the chance of
recurrent cerebrovascular events, as well as address
the risk of adverse vascular events in other ter-
ritories. It is known that carotid endarterectomy is
beneficial in reducing stroke rates in patients with
recently symptomatic high-grade carotid stenosis
[14, 15] and a smaller benefit is seen in treated
moderate stenoses [16]. Current evidence suggests
that early intervention is necessary to maximize
benefit [17].

Carotid artery stenting (CAS) is an evolving
therapeutic technique to treat carotid artery ste-
nosis. Debate still exists regarding its place in the
management of carotid stenosis, but in experienced
hands it is probably as efficacious as surgery and
has become a widely performed intervention. The
role of modern pharmacotherapy as an adjunct
to CAS cannot be overstated. Drug treatment in
patients undergoing CAS following recent TIA or
ischemic stroke can be divided into “best medical
therapy,” i.e., those interventions which are deemed
to reduce the risk of subsequent stroke and other
vascular-related events, independent of the carotid
artery intervention, and CAS-specific pharmaco-
logical agents which are used during the stenting
procedure itself. Best medical therapy also encom-
passes those aspects of lifestyle modification which
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may improve outcome in the recently symptomatic
patient with carotid artery disease. These are discussed
along with the evidence supporting their use.

This evidence is sometimes very difficult to tease
from the literature, as there is a great deal of het-
erogeneity in study design, timing and measured
outcome. For example, some studies reporting
on secondary prevention of ischemic stroke have
recruited patients up to 5 years following their
most recent event [18, 19]. The pathogenesis of
carotid atherosclerotic stroke dictates that risk of
a recurrent event is greatest early and diminishes
with time. Thus, any pharmacological interven-
tion instituted late is unlikely to have a significant
effect on reducing recurrent stroke, although it may
have a beneficial effect on other vascular-related
outcomes. Studies focusing on early intervention
following acute carotid atheroembolism are sparse,
and more data are required to advise optimal man-
agement. Despite this, guidelines for best medical
management following acute stroke, and in pursuit
of secondary prevention exist [20, 21]. A cumula-
tive early approach seems to offer the best chance
of significant and sustained reduction in recurrent
stroke risk [22-24].

Best Medical Therapy

It should not be forgotten that atherosclerosis is
a generalized process. Patients presenting with
transient cerebral or retinal ischemia or stroke, as
well as having a high risk of recurrent stroke, have
a considerable risk of noncarotid territory vascular
events, including myocardial infarction. Addressing
this increased risk in those patients with recently
symptomatic cerebrovascular disease, by pharma-
cological intervention, is a cornerstone of effective
management and should be considered as first-line
therapy in all patients. Aggressive treatment of
underlying contributory conditions such as diabetes
and hypertension are mandatory, and pharmacologi-
cal intervention should be augmented, where neces-
sary, by lifestyle modification.

Lifestyle Modifications

The evidence to support lifestyle modification in
order to decrease the risk of recurrent stroke is
largely based on epidemiological studies (particularly

Turner and Thomas

with reference to primary stroke prevention) and
common sense. Measures such as smoking cessation,
weight reduction, regular exercise, moderation or
cessation of alcohol intake, and a healthy balanced
diet should all be actively encouraged [21].

Treatment of Background Medical
Conditions

A number of comorbid states increase the risk of
atherosclerosis and stroke, and therapy should be
optimized to control or reverse these.

Diabetes Mellitus

Diabetes is strongly associated with an increased
risk of primary ischemic stroke, particularly the
microvascular subtype. The presence of diabetes
doubles the risk of stroke recurrence, and poor
glycemic control in acute stroke leads to worse out-
comes [25]. Hyperglycemia in acute stroke is also
found in patients not known to be diabetic. Its man-
agement is controversial. Intensive insulin therapy
following acute myocardial infarction is known to
improve outcome [26], but the evidence of benefit
in acute stroke is lacking and work is ongoing to
define the role of aggressive glycemic control in
this setting [27-30]. However, current guidelines,
based on level II category C evidence, recommend
treating prolonged hyperglycemia occurring within
the first 24 h of acute ischemic stroke with insulin
in the form of a glucose—potassium—insulin infusion
(GKI) [20].

Data on secondary stroke prevention in patients
with diabetes are relatively sparse, as most of the
evidence relates to primary stroke prevention. This
paucity of data is especially true when considering
macrovascular ischemic stroke, although there is
a trend toward a reduction in macrovascular com-
plications with improved glycemic control. There
is good evidence that improved glycemic control
reduces the risk of future microvascular complications.
Thus, current guidelines suggest normalization of
blood glucose levels following ischemic stroke.
Furthermore, the benefit derived from the best
medical therapeutic measures described in this
chapter is even greater in diabetic patients, and
these are also advocated [21, 25].
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Hypertension

There is a strong link between elevated blood
pressure and all types of primary stroke. Although
some controversies exist regarding the exact rela-
tionship in ischemic stroke [31], most reports point
to a linear association and a reduction of blood
pressure may reduce primary stroke risk by about
30-40% [31, 32]. The choice of agent seems of
secondary importance [31].

Acute stroke is frequently associated with
elevated BP. This may reflect a heightened level
of stress following the neurovascular insult, and
frequently improves spontaneously. Very high or
indeed very low blood pressures following stroke
are indicative of a poor outcome. This may purely
be a reflection of the severity of neurological dam-
age. Conversely, hypertension could theoretically
increase the risk of cerebral edema or secondary
hemorrhage, whilst hypotension may increase the
chance of cerebral thrombosis or of underper-
fusion and extended ischemia by jeopardizing the
ischemic penumbra. The management of hyperten-
sion in acute stroke remains controversial, with little
convincing data to suggest that lowering blood
pressure improves outcome [33]. Current guidelines
suggest that consideration of hypotensive agents
may be given to facilitate thrombolysis in hypera-
cute stroke [20]. The role of blood pressure reduc-
tion outside of this setting is the subject of ongoing
study [34].

The evidence for blood pressure reduction to
prevent ischemic recurrent stroke is gathering.
Interpretation of the literature is hampered by the
diverse nature of the data, with a variety of differing
agents commenced at hugely variable time periods
following the primary event, which often is not
categorized by subtype. Primary stroke caused
by severe carotid artery disease was thought to be
particularly susceptible to hypoperfusion-induced
secondary stroke with blood pressure reduction.
However, this only appears to be true in the pres-
ence of bilateral high-grade stenoses [35].

Results of the UK TIA trial suggested that low-
ering blood pressure following TIA reduces the
risk of future recurrence [36]. Subsequent trials
have provided further evidence. The Post-stroke
Antihypertensive Treatment Study (PATS) dem-
onstrated a 29% decrease in recurrent stroke in
patients treated with indapamide, a thiazide diuretic,

95

despite only a modest average BP reduction (5/2
mmHg). Seventy-one percent of the 5,665 recruited
patients had had an ischemic primary event [37].

Supporting these findings, the results of the
Perindopril pROtection aGainst REcurrent Stroke
Study (PROGRESS) [18], which compared com-
bination therapy with indapamide and the ACE
inhibitor perindopril, perindopril alone or placebo,
showed a highly significant reduction in recurrent
stroke (RRR 43%) in the combination group, with
a mean BP decrease of 12/5 mmHg. However, the
perindopril-alone group, despite a similar average
BP decrease to that seen in PATS (5/3 mmHg),
showed only a nonsignificant reduction (RRR 5%)
in secondary stroke risk. A potential source of bias
in PROGRESS, which was not randomized, was
reflected in the tendency toward allocation of dual
therapy in patients with higher background risk.

Conversely, a subgroup analysis of the Heart
Outcomes Prevention Evaluation (HOPE) trial,
which focused on patients with high vascular
risk and history of previous stroke, showed that
patients with a history of ischemic stroke treated
with the ACE inhibitor ramipril had a significant
reduction in the composite endpoint of fatal and
nonfatal stroke and transient ischemic attack,
with a similar small magnitude of BP reduction
(4/3 mmHg). This improvement, despite apparent
minimal BP lowering, has invoked the theory that
such improvement may be due to other mecha-
nisms of action of ACE inhibitors, such as a direct
effect on atherosclerosis progression [38, 39].
However, these small reductions in office blood
pressure measurement may not tell the whole
truth, as ambulatory or night-time measurements
may be altered to a greater degree [40].

Further evidence from these trials suggests that
clinically stable patients with normal baseline blood
pressures suffering stroke may also benefit from
blood pressure reduction to prevent recurrence.

Recent interest has centered on the angiotensin
receptor blockers (ARBs), with experimental evi-
dence suggesting that these drugs may have neu-
roprotective characteristics above and beyond their
effect on blood pressure. This beneficial effect is
probably mediated by angiotensin II Type 2 recep-
tors in the brain, which are not affected by the ARBs
that have a predilection for the angiotensin II type
1 receptor. The MOSES study compared eprosa-
rtan with nitredipine, a calcium channel blocker,
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and found the former more effective in preventing
recurrent stroke. A much larger trial, Prevention
Regimen For Effectively avoiding Secondary Strokes
(PROFESS)), is currently further evaluating the role
of ARBs in secondary stroke prevention.

At present, the literature supports blood pressure
reduction following large vessel ischemic stroke,
and a combination therapy of complimentary agents
is likely to provide the best level of protection.
The threshold for treatment and optimal regime is
unknown, but based on class 1, level A evidence,
hypertension following ischemic stroke or TIA should
be treated in all clinically stable patients beyond
the hyperacute period, and treatment should be
considered in all patients, irrespective of whether
hypertensive or not (Ila, B) [21].

Soberingly, the impact of healthcare measures
on hypertension following stroke may be disap-
pointingly low, as significant numbers of patients
remain hypertensive in the longer term [41].

Hyperlipidemia

The association between hypercholesterolemia and
primary or secondary stroke is much less clear than
for coronary heart disease (CHD). Observational
studies have failed to show an association between
dyslipidemia and stroke, although there may a
weak association with ischemic subtypes, counterbal-
anced by an inverse association with intracerebral
hemorrhage [42, 43].

Numerous studies of 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhibitor (statin) therapy in
patients with CHD have shown considerable improve-
ment in cardiac outcomes [44]. The Cholesterol
Treatment Trialists’ meta-analysis of 14 randomized
studies of statin therapy, involving over 90,000
patients, mostly asymptomatic or with CHD, showed
that a 1 mmol L' decrease in LDL cholesterol
concentration over a mean of 5 years is associated
with a significant relative risk reduction of ischemic
stroke of about 20%, with a trend toward increasing
benefit with larger LDL concentration reductions.
Furthermore, ongoing benefit was demonstrated with
longer-term treatment [45]. However, the specific
question of statin therapy in secondary stroke preven-
tion was not considered. A subgroup analysis of the
Heart Protection Study (HPS), one of the 14 trials
studied above, which featured 3,280 people who had
a history of nondisabling ischemic stroke, transient
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ischemic attack, or carotid artery procedure prior
to randomization failed to demonstrate any signifi-
cant reduction in the stroke rate, although a nonsig-
nificant trend toward fewer ischemic strokes was
identified. This was despite a 1 mmol L' decrease
in LDL cholesterol level and a 20% decrease in
any vascular events [19]. The lack of response in
this setting, given the clear reduction in risk in
other high-risk participants, merited further study.
Consequently, the Stroke Prevention by Aggressive
Reduction in Cholesterol Levels (SPARCL) trial
[46] was published, specifically investigating the
effect of high-dose atorvastatin on secondary stroke
prevention in those patients without clinically man-
ifest coronary heart disease or hypercholesterolae-
mia, who had been recently symptomatic with a
TIA/minor stroke in the preceding 1-6 months. A
significant decrease in recurrent stroke was found
in the active treatment group (HR 0.84, absolute
risk reduction 2.2%). High-dose atorvastatin was
also associated with significantly reduced coronary
and other vascular adverse events. Notably, 25% of
patients allocated to placebo in SPARCL received
a commercially available statin outside of the trial,
possibly masking an even greater benefit of active
therapy. Furthermore, post-hoc analysis suggests
that greater reductions in cholesterol levels may
further reduce recurrent stroke risk [47].

The contradictory results of the HPS stroke sub-
group and SPARCL may be explained in a number
of ways, not least because the confidence intervals
of the two results overlap, and thus the differ-
ence may represent a random error. Furthermore,
recruitment in HPS specifically excluded those
patients who had experienced a cerebrovascular
event in the preceding 6 months (time of highest
risk), and the average time from symptoms to
enrolment was 4.7 years. Other methodological dif-
ferences mean that the results may not be directly
comparable [19, 46, 48].

Some evidence exists to suggest that the benefi-
cial effect of statins may in part be due to known
pleiotropic effects rather than their cholesterol
lowering properties. Statin therapy is known to lead
to plaque stabilization and possible regression, as
well as improving endothelial function and reduc-
ing inflammation [49, 50]. The Study to Evaluate
Carotid Ultrasound with Ramipril and vitamin E
(SECURE) showed a dose-dependent reduction
in carotid intimomedial thickness with ramipril
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therapy. Whilst these effects could theoretically
improve outcome in secondary stroke preven-
tion, there are little data to suggest they play a
major role, and the chance of improved outcome
seems to correlate with greater degrees of LDL
cholesterol concentration reduction. The results
of SPARCL have led some to advocate immedi-
ate commencement of atorvastatin following TIA
or minor stroke [51]. Current recommendations
suggest that high vascular risk patients with
dyslipidemia and recent ischemic stroke or TIA
should engage in measures to reduce cholesterol,
including lifestyle modification and statin therapy
(I, A). In recently symptomatic patients with pre-
sumed atherosclerotic origin but no other features
of dyslipidemia, statin therapy may be considered
to reduce risk of future vascular events (Ila, B)
[21]. Further studies are required to gain a greater
insight into the relative merits of statins following
acute large vessel ischemic stroke.

Anticoagulants
Antithrombotics

Anticoagulants have a defined role in the manage-
ment of cardioembolic stroke secondary to atrial
fibrillation, but numerous studies comparing anti-
coagulation with warfarin at high and low intensity
with antiplatelets have failed to show significant
benefit, whilst possibly increasing risk of hemor-
rhage [52, 53]. Anticoagulant therapy is thus not rec-
ommended in the secondary prevention of ischemic
stroke, other than in the context of AF [21].

Antiplatelets

There is compelling evidence that all patients who
suffer cerebral ischemia should be placed on
antiplatelet agents, due to a 28 and 16% reduction
in nonfatal and fatal strokes, respectively [54], and
that therapy should commence as early as pos-
sible following diagnosis to prevent early recur-
rent ischemic stroke [55, 56]. Hypothetically, the
benefits of early antiplatelet therapy are likely to
be greater in large artery-induced ischemic stroke,
where platelet-rich microemboli associated with
the unstable carotid plaque may be reduced by
aggressive antiplatelet therapy, than with lacunar
infarction, where platelet-mediated mechanisms
are less likely to play a role.
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Aspirin

Aspirin has been the most widely studied antiplate-
let drug and has been shown to reduce the risk of
further ischemic stroke and other vascular events
by 15-25% [53, 54, 57]. A dose of 75—-150 mg is
at least as effective as higher doses, and higher
doses are likely to lead to greater complications
[54, 57-59]. A very favorable cost-benefit profile
means that it is generally considered the agent
of choice in secondary prevention of ischemic
stroke.

Thienopyridines

Thienopyridines act by blocking the ADP-mediated
activation of platelets. Ticlopidine, the first to be
developed, has been shown to be efficacious in
the prevention of adverse vascular events, with a
nonsignificant relative odds reduction of 10% com-
pared with aspirin [60]. However, it is uncommonly
associated with significant gastrointestinal and
hematological side effects. Subsequently, clopi-
dogrel has been introduced into clinical practice and
has become more widely utilized due to its better
safety profile. It is a prodrug which is metabolized
by the cytochrome P450 pathway to form a potent
antiplatelet agent.

A number of trials have studied the effect
of clopidogrel as part of best medical therapy
in secondary ischemic stroke prevention. The
Clopidogrel vs. Aspirin in Patients at Risk for
Ischemic Events (CAPRIE) study compared aspi-
rin with clopidogrel in patients with a history of
ML, stroke, or peripheral vascular disease and found
that the latter may be slightly more effective than
aspirin at reducing the compound risk of ischemic
stroke, MI, or vascular death (RRR 8.7%) [61].
However, on subgroup analysis, the greatest benefit
was in the peripheral vascular disease group (RRR
23.8%), with only a small improvement in the
stroke cohort (RRR 7.3%).

Further studies have considered the merits of
dual antiplatelet therapy, encouraged at least in
part by the fact that the combination of aspirin and
clopidogrel has a significant benefit in the manage-
ment of acute coronary syndrome [62]. Evidence
that dual therapy is more efficacious in inhibiting
platelet function than aspirin alone in patients fol-
lowing ischemic stroke came from a small rand-
omized trial [63].
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The Clopidogrel for High Atherothrombotic
Risk and Ischemic Stabilization, management, and
Avoidance (CHARISMA) trial studied the relative
benefits of clopidogrel plus aspirin against aspirin
monotherapy in patients with vascular disease,
including 3,837 after stroke and 1,864 after TIA,
and found that combination treatment does not
confer any additional protection against vascular
events in patients with clinically evident cardio-
vascular disease or multiple risk factors, although
there was a tendency to reduction of fatal and non-
fatal ischemic stroke [64].

The Management of Atherothrombosis with
clopidogrel in high-risk patients with recent Transient
ischemic attack or isCHemic stroke (MATCH)
trial noted a nonsignificant 1% absolute decrease
in major vascular events in patients with recent
ischemic stroke or TIA and vascular risk factors,
in those treated with combination of aspirin and
clopidogrel vs. clopidogrel alone — there was also a
significant 1% greater absolute rate of major bleeding
in the dual therapy group [65].

These latter two trials did not look specifically
at large vessel ischemic stroke, and both allowed
recruitment some months after a clinical event. It
remains unknown whether combination of antiplate-
let therapy with aspirin and clopidogrel offers
specific benefit in the setting of carotid atheroem-
bolism, compared with monotherapy, particularly
in the hyperacute setting. Aggressive antiplatelet
therapy may be beneficial in hyperacute carotid
atheroembolism when the unstable nature of the
carotid plaque renders the patient most vulnerable
to early recurrent events.

Subset analysis of those groups treated early fol-
lowing the index event in MATCH and CHARISMA
suggested improved outcome with earlier inter-
vention [65, 66], and some supporting evidence
comes from a small recent pilot study of emergency
treatment of TIA/minor stroke, which was unfor-
tunately terminated prematurely due to a failure to
recruit at a prespecified level [24].

The Clopidogrel and Aspirin for Reduction of
Emboli in Symptomatic carotid Stenosis (CARESS)
trial [67] has explored the effect of dual antiplatelet
therapy on carotid artery disease-related stroke,
using transcranial Doppler signals to detect the
surrogate marker of asymptomatic microemboli
[68, 69]. A high density of asymptomatic micro-
embolic signals following recently symptomatic
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carotid atheroembolism is associated with a greater
risk of early recurrent stroke and adverse outcome
[70-73]. Combination therapy with clopidogrel
and aspirin was shown to significantly decrease
microembolism at 7 days, compared with aspirin
alone. Dual antiplatelet therapy was also associated
with a trend toward reduction of recurrent stroke
and TIA risk compared with monotherapy [67].

Thus, the combination may be useful in hypera-
cute carotid-related stroke, but there is no convincing
evidence that long-term combination therapy with
aspirin and clopidogrel is beneficial in the second-
ary prevention of large vessel ischemic stroke [74].
Confounding factors in CHARISMA might have
included the high number of asymptomatic patients
and patients with a remote vascular event included
in the study, whereas a high proportion of patients
had a lacunar stroke in the MATCH trial, who may
be less likely to benefit from antiplatelets [75].

Further large-scale trials are required, looking
specifically at ischemic stroke subsets, to further
elucidate any useful role clopidogrel may have in
this context. Although it has its advocates, on the
basis of cost-benefit analysis alone, clopidogrel
should not be considered first line in the long-term
prevention of secondary stroke [76—79]. However,
it has a useful role in aspirin intolerance, and
potentially if true aspirin insensitivity is demon-
strated [80]. A maintenance dose of 75 mg is stand-
ard, but some evidence exists that the antiplatelet
effect is increased with a 150-mg dose. It is not
clear whether this translates into a net clinical
improvement [81].

Dipyridamole

Dipyridamole is another antiplatelet agent which
has been in and out of vogue in the last decade or so,
due to conflicting reports regarding its efficacy. It
appears to work by increasing the amount of intra-
cellular cyclic adenosine monophosphate (cAMP),
via inhibition of cyclic nucleotide phosphodieste-
rase [82]. cAMP inhibits platelet aggregation.
The large European Stroke Prevention Study 2
(ESPS2) used a double-blind randomized placebo-
controlled trial to study dipyridamole against aspi-
rin monotherapy, placebo, or combination therapy
with both active agents, and the latter was shown to
provide a 22% relative risk reduction over aspirin
alone [60]. However, meta-analysis of four earlier
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trials failed to show any benefit of dipyridamole
and aspirin over aspirin alone [54] and subsequent
meta-analysis, taking into account the data from
ESPS2, still failed to demonstrate a significant
benefit of combination over aspirin [83]. However,
a further large RCT, the ESPRIT study [83], which
focused on dipyridamole plus aspirin following
TIA/stroke of presumed arterial origin within the
preceding 6 months, demonstrated a 1% per year
absolute risk reduction in stroke, MI, and vascular
death compared with aspirin alone (hazard ratio
0.8), akin to that seen with aspirin vs. placebo. One
important difference between ESPS2 and ESPRIT
and the earlier trials is that the former used a modi-
fied release preparation of dipyridamole, which
has better bioavailability [2, 84]. The most recent
meta-analysis, including the results of ESPRIT,
now suggests that aspirin plus modified release
dipyridamole have a beneficial effect in prevent-
ing adverse vascular outcomes following ischemic
stroke or TIA when compared with aspirin alone.
Its role in secondary prevention following CAS
remains less clear.

Based on the above, current guidelines suggest
that antiplatelet agents are commenced following
noncardioembolic stroke to reduce risk of recur-
rence (I, A). Aspirin is the most cost-effective drug,
but aspirin plus modified release dipyridamole, or
clopidogrel in those intolerant of aspirin, are all
acceptable primary therapies. The combination of
aspirin and clopidogrel is not generally recom-
mended for long-term secondary prevention due to
an increased risk of hemorrhage (III, A). There is
no evidence to guide the choice of medication for
patients who experience a large vessel ischemic
stroke whilst taking aspirin. Whether this is likely to
represent aspirin resistance is unknown. However,
options include switching to dipyridamole and
aspirin or clopidogrel in this situation [21].

Antiplatelet Resistance

Recent attention has focused on the emerging concept
of antiplatelet resistance. Whether nonresponsiveness
equilibrates to resistance is a somewhat contentious
issue. Some studies have demonstrated an apparent
absence of a laboratory response of platelets to stand-
ard doses of aspirin in as many as 5-40% of patients
[85-87], with reports suggesting a higher mortality
rate in those “aspirin resistant” [88].
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However, the absence of a clear dose-response
curve to aspirin, and the lack of clarity regarding
which measurable parameters are the best indicators
of platelet function have led to debate about the
true nature and extent of variable aspirin response
[86, 89-91].

Increased adverse outcome has similarly been
found with clopidogrel “resistance” [91, 92], although
physiological response to this drug has been shown
to follow a normal distribution [63]. It may be that
future antiplatelet therapy is guided by assays of
responsiveness to differing agents, but currently,
these are not widely available and are largely of
academic interest.

Periprocedural Pharmacotherapy

Anticoagulation
Heparin

Periprocedural anticoagulation is administered to
reduce the risk of thromboembolism associated
with indwelling vascular sheaths, catheters, and
guidewires, particularly when flow may be slow
because of stenotic vessels. There is wide variation in
practice, but heparin is the most widely used agent
and may be given solely by bolus administration
or in combination with a continuous infusion. The
latter is adjusted to provide an APTT of 250-300 s.
The dose of heparin required is usually in the range
of 75-100 units kg™'; a bolus of 3,000 units of
heparin provides adequate anticoagulant effect for
approximately 30 min in a “typical” patient, whilst
5,000 units give about 45 min of appropriate cover.
Thus, a 5,000—7,500 unit bolus administered, once
arterial access is secured, should be sufficient to
allow adequate anticoagulation during CAS.
Heparin, particularly the unfractionated variant,
binds to various plasma and cellular proteins within
the circulation, rendering it inactive. An increase in
heparin-binding sites, such as occurs with raised
inflammatory plasma proteins or thrombocythemia
may thus reduce the effectiveness of a particular
dose, and adjustment may be needed [93]. Some
advocate combining initial periprocedural bolus
administration with a continuous infusion of 15-20
units kg~ h™!, but in our unit, a heparin infusion is only
started postprocedurally in the event of neurological
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complications, and only once intracranial hemor-
rhage has been excluded.

It has been shown that heparin can increase
platelet aggregation in response to arachidonic acid
and that this can counteract the antiplatelet effect of
aspirin [82, 93, 94]. This may explain why a small
proportion of patients are at risk of cardiovascular
events after major vascular intervention. However,
until a suitable alternative has been validated, the
proaggregation risk that heparin poses during CAS
is probably outweighed by the benefits.

Reports suggest that the currently unlicensed
intravenous administration of low molecular weight
heparin (LMWH) is significantly less likely to cause
major hemorrhage than unfractionated heparin in
Percutaneous coronary intervention (PCI) [95].
Furthermore, LMWHs are less proaggregatory, pos-
sibly because it has a more specific protein-binding
profile than its unfractionated cousin. This increased
specificity explains the more reliable dose-response
characteristics of LMWH, and the general require-
ment for no anticoagulation level monitoring [94].
However, some reports suggest an increased risk of
pericatheter thrombus formation during PCI with
LMWH cover compared with UFH [96].

Heparin-induced thrombocytopenia (HIT) is an
uncommon but well-known side effect of heparin
administration, where an autoantibody develops
against the complex of heparin and platelet factor 4.
This causes platelet consumption but leads para-
doxically to a prothrombotic state. Although more
likely to occur with continuous infusion, it can fol-
low bolus administration. LMWHs are less likely
to cause HIT [97]. However, a prior history of HIT
should prompt use of an alternative antithrombotic
agent [82].

In addition to formal anticoagulation,
heparinized saline (5,000 units L") is also used
to maintain guiding catheter/sheath patency and
to flush catheters.

Novel Antithrombotics

More recently, novel antithrombotic agents have
been developed targeting specific factors in the
clotting cascade.

Fondaparinux is a synthetic specific factor Xa
antagonist, which has been shown to be effective
in prophylaxis and treatment of venous throm-
boembolism, and equivalent in management of
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acute coronary syndrome (ACS), when compared
with LMWH, with less risk of bleeding [98].
Theoretically, it should not cause thrombocytope-
nia and so may be useful in the treatment of HIT
[99]. However, concerns have been raised over the
rates of pericatheter and wire thrombosis when
used as the sole agent in PCI [98]. Oral versions
are in development. It is currently not licensed for
use outside of Venous thrombo-embolism (VTE)
prophylaxis and treatment.

The direct thrombin inhibitors owe their exist-
ence to the medicinal leech, being a synthetic deriv-
ative of hirudin, an anticoagulant found in leech
saliva [100]. Four are currently licensed for various
indications with the FDA. The properties of biva-
lirudin suggest that this may prove a useful agent
in endovascular therapy [101] and it has approval
for use in PCL In contrast to unfractionated and
low molecular weight heparin, it acts on clot-
bound thrombin, does not cause platelet activation
or thrombocytopenia, inhibits thrombin-induced
platelet activation, and has linear pharmacokinetics,
with a half-life of 25 min. It has been compared
with other antithrombotic regimes in low- and
high-risk patients undergoing coronary interven-
tion, with bivalirudin monotherapy offering a viable
alternative to the current standard, heparin plus Gp
[Ib/IIa inhibition, being noninferior in terms of
ischemic outcome, but giving the additional ben-
efit of significantly reduced rates of hemorrhage
[102, 103]. Limited data exist regarding its use in
the peripheral vasculature. A recent trial supported
its use in carotid artery intervention [104] and it
appears safe and effective in other peripheral ter-
ritories [105], but more evidence is required and its
use should be limited to inclusion in clinical trials
or where there is contraindication to heparin, such
as HIT. Other agents in this class of drug include
lepirudin, desirudin, and argatroban [106]. Other
oral agents are currently being developed, follow-
ing the withdrawal of ximelagatran, the first to be
released, which — although showing promise — led
to hepatotoxicity in a proportion of patients [100].

One drawback to the newer antithrombotic
agents is the lack of an antidote to their antico-
agulant action. UFH can be reversed by protamine
sulfate, which can also counteract about 60% of the
activity of LMWH [107]. This may be an important
consideration if the patient undergoing CAS is at
high risk of a reperfusion bleed.
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Antiplatelet Therapy

Whilst there is no compelling evidence that dual
antiplatelet therapy with aspirin and clopidogrel
imparts additional benefit over monotherapy in
secondary prevention following ischemic stroke,
a combination of aspirin and clopidogrel appears
to have a significantly beneficial effect in reducing
the frequency of microemboli from the recently
symptomatic carotid plaque [72], and following
carotid endarterectomy [108], where the freshly
exposed subendothelium has thrombogenic poten-
tial [109, 110]. Arterial stenting similarly causes
endothelial and intimal damage, predisposing to
thrombus formation and risking embolization [111,
112]. Combination therapy with clopidogrel and
aspirin, compared with aspirin alone, significantly
reduces the complications of coronary intervention
[113, 114]. Similarly, it appears effective in reduc-
ing the incidence of adverse neurological sequelae
when compared with aspirin monotherapy follow-
ing CAS, without a significant risk of increased
bleeding [114-116].

Ideally, clopidogrel at a dose of 75 mg should
be commenced in addition to aspirin, 5-7 days
preprocedure, in order to attain adequate thera-
peutic effect. However, in the current climate of
reducing time to carotid intervention in order to
maximize benefit, an oral loading dose of 600
mg of clopidogrel may be given, at least 6 h prior
to CAS. This dosage is suggested because of
evidence from clopidogrel in coronary interven-
tion, where a high loading dose (>300 mg) sig-
nificantly reduces risk of nonfatal MI and death
[117]. There is some evidence that a maintenance
dose of 150 mg exerts a greater inhibitory effect
[80], but there is no suggestion that this leads to
improved clinical outcome. Most reports recom-
mend that dual antiplatelet therapy should be
continued for at least 30 days postprocedure to
allow sufficient time for stent endothelialization,
whereafter monotherapy can be resumed. There
is no evidence to suggest that long-term dual
antiplatelet agent therapy improves outcome fol-
lowing CAS, but the optimal duration of therapy
is yet to be determined. Standard practice at our
institution for uncomplicated stenting of sympto-
matic carotid stenoses is 4—6 weeks of combined
treatment, with aspirin monotherapy thereafter in
those who can tolerate it.
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Other antiplatelets are available for consid-
eration and use of these is commonplace in some
centers. There is no convincing evidence to sup-
port their use during CAS, but data from coronary
intervention suggest that they may be of benefit.
The glycoprotein IIb/Illa (Gp IIb/Illa) inhibitors
are potent inhibitors of platelet aggregation, by
blocking the crosslinking binding of fibrinogen
during thrombogenesis. Three are currently com-
mercially available: abciximab, a mouse—human
chimeric monoclonal antibody was the first to gain
FDA approval in the US following evidence that
it reduces complications in high-risk PCI [118,
119]; tirofiban (a synthetic tyrosine analog) and
eptifibatide (another synthetic peptide) which are
both derivatives of agents found in poisonous snake
venom. Glycoprotein ITa/ITIb antagonists have been
investigated as an adjunct to other antithrombotic
drugs in the context of carotid stenting with favo-
rable results [120, 121]. A reduction in ischemic
events was noted in one study but was offset by a
greater risk of bleeding [122]. However, this expe-
rience has not been shared by all authors. Use of
abciximab solely as a bolus does not result in any
beneficial outcome [123] and in the largest group
studied so far, Wholey et al. [124] found a sig-
nificantly greater incidence of adverse neurological
outcomes in patients receiving Gp IIb/Illa antago-
nist plus half-heparin dose (6%), than in a group
assigned to periprocedural heparin alone (2.4%,
both in addition to aspirin and thienopyridine).
A large proportion of these complications were
secondary to intracerebral hemorrhage. Despite
this, some authors use Gp IIb/Illa inhibitors rou-
tinely, with apparently low rates of complications
[125]. However, the concomitant increasing utiliza-
tion of cerebral embolic protection devices (EPDs)
has largely supplanted use of routine adjunctive Gp
[Ib/IIa inhibitors in most centers, following data
to suggest that EPDs are of more benefit in pre-
venting neuroischemic complications [126-128].
Increasing numbers of case reports indicate that
there may a useful role as a rescue agent following
carotid stent thrombosis [114, 129-135], but it still
remains that no large-scale RCTs have been under-
taken to formally evaluate the utility of Gp Ila/IlIb
in the context of CAS.

Prasugrel is a newer thienopyridine whose
conversion has less reliance on the cytochrome
P450 enzymatic pathway than its more established
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cousins. It has potent antiplatelet activity, and the
optimal dose has yet to be defined. It appears to
reduce the number of ischemic events post MI,
and incidence of stent thrombosis post-PCI, but
this beneficial effect is offset by a significantly
increased risk of bleeding, particularly intracranial
hemorrhage compared to clopidogrel, at the dose
investigated [136]. Its place in the endovascular
management of carotid artery stenosis has yet to
be elucidated.

Dextran is a crystalline polymer made up of
repeating glucose subunits. It has had various
applications in surgery over the last 60 years but
is known to possess potent antiplatelet activity,
inhibiting aggregation and adhesiveness. It has
been shown to work rapidly to reduce symptomatic
microembolism prior to carotid endarterectomy
[137] and following surgery, when guided by tran-
scranial Doppler, it decreases microembolism and
stroke risk [138-141].

IV dextran therapy has also been recently used to
treat symptomatic microemboli following carotid
stenting [142]. Dextran therapy is known to lead
to a number of complications, including hemor-
rhage, pulmonary edema, acute renal failure, and
allergic reactions [138]. For this reason, blanket
use of dextran following carotid surgery may lead
to unacceptable risk [143]. However, it may have
a role in treatment of neuroembolic complications
resulting from CAS.

Pre-Existing Warfarin Therapy

A patient presenting with a large vessel ischemic
stroke who is on warfarin introduces an interest-
ing clinical dilemma. Combination therapy with
dual antiplatelets and warfarin leads to a high risk
of hemorrhage. There is no evidence that warfarin
improves the outcome following CAS. Warfarin
may not be protective against stent thrombosis, and
may increase the risk of bleeding, particularly if
combined with dual antiplatelet therapy. However,
the risks of warfarin cessation vary according to the
indication for treatment, and dual antiplatelets may
not be as effective in protecting against the back-
ground problem. An individualized assessment
should be made to delineate the optimal manage-
ment in this situation, but every effort should be
made to preserve dual antiplatelet therapy in the
peri-stenting period.

Turner and Thomas

Anticholinergic Therapy

Balloon catheter inflation in the region of the
carotid sinus can induce marked baroreceptor
stimulation resulting in severe bradycardia or even
asystole. Anticholinergic drugs, such as atropine
(0.5-1 mg), or the shorter acting glycopyrrolate
(600 pg) administered via the guiding catheter/
sheath prior to predilatation (or stent deployment
if no predilatation is performed), block this para-
sympathetic reflex during carotid artery interven-
tion, and help maintain a steady pulse rate in both
patient and operator. Glycopyrrolate may be safer
than atropine in patients with severe coronary
artery disease, as it tends to result in less reflex
tachycardia, and in our institution is the agent of
choice. Self-expanding stents may exert an ongo-
ing stimulatory effect on the carotid bulb following
deployment, frequently resulting in postprocedural
relative bradycardia and hypotension. However, no
specific treatment is required for this in the vast
majority of cases, and the pulse and blood pressure
tend to return to preintervention levels over the next
few days. Rarely, patients have symptomatic hypo-
tension postprocedure, and this usually responds to
conservative measures and volume expansion with
intravenous fluids.

Vasodilator Agents

Arterial wall spasm is a frequent consequence of
guidewire and catheter manipulation, and can also
occur as a result of carotid stent deployment. It may
be minimized by meticulous technique. However,
should spasm occur, a slow bolus of a vasodilator,
such as glyceryl trinitrate (200-300 pg to 2-3 ml
of a solution of 1-mg GTN diluted in 10-ml saline),
may be administered through the guiding catheter or
sheath. Spasm frequently resolves on withdrawal of
the cerebral protection device, guidewire, or cath-
eter. Care should be taken to distinguish spasm from
kinking of the Internal carotid artery (ICA), which
may result from placement of a poorly conformable
stent into a tortuous vessel. The appearances of a
kinked ICA may be similar to vasospasm, and may
also improve following guidewire withdrawal, but a
kink may also worsen once the wire has been pulled
back, and consideration should be given to further
stent placement (perhaps with a more compliant
device) at the site of the kink.
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Summary

Patients who have experienced a recent stroke or
TIA with ipsilateral high-grade carotid stenosis are
at high risk of recurrent stroke and other vascular
events. CAS is an evolving technique to treat symp-
tomatic carotid disease. The adjunctive pharmacol-
ogy is very important to minimize the risk of future
stroke and maximize the success of the procedure.
Best medical therapy should be instituted in all
ischemic stroke sufferers, and comprises lifestyle
modification, treatment of background medical
conditions — such as hypertension, diabetes, and
hyperlipidemia — and antiplatelet drugs.

Specific drugs to enable the procedure to be
performed with the greatest chance of a successful
result include dual antiplatelet therapy, antithrom-
botics, antimuscarinics, and vasodilators. More
recently, other potent anticoagulants have been
released and may have a role in future adjunctive
pharmacotherapy. However, the institution of such
drugs should be evidence based.

Key Points

e Pharmacotherapy in carotid stenting plays a
major role in reducing the risk to the patient:
° Risk of stroke/recurrent stroke
° General cardiovascular risk
° Procedural risk
* General vascular and stroke risk reduction strate-
gies (= best medical therapy) should be used,
including:
° Blood pressure control
° Use of antiplatelet agents according to local/
national guidelines:
— Aspirin
— Clopidogrel
— Dipyridamole
— Combination therapy (e.g., aspirin + dipyrida-
mole or aspirin + clopidogrel)
° Use of lipid lowering agents:
—Mainly statins
° Treatment of associated conditions:
—Diabetes
° Lifestyle modification:
— Smoking cessation
—Improved diet/weight reduction
—Increased exercise

L]

103

Specific measures to reduce the risk of the carotid
stent procedure itself include:
° Antithrombotics:

—Heparin by infusion or bolus

—Newer drugs:

—Direct thrombin inhibitors — not currently
licensed for CAS

—Combination antiplatelet therapy (aspirin +
clopidogrel for 30 days)

—Other antiplatelet drugs such as abciximab,
tirofiban, and eptifibatide are used by some
but may increase intracranial bleeding risk:

° Newer agents, e.g., prasugrel
° Anticholinergics to prevent carotid sinus brady-
cardia and hypotension:

— Atropine

— Glycopyrrolate

° Vasodilators, e.g., glyceryl trinitrate for spasm
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Equipment, Basic and Advanced:

An Overview

Luc Stockx

Introduction

Carotid artery stenting is a delicate intervention.
Minor errors can lead to big catastrophes. A metic-
ulous technique as well as the selection of appro-
priate materials are mandatory to obtain a good
result and to assure the benefit of the patient.

This chapter will give an overview of the differ-
ent steps of the intervention thereby highlighting
the specific equipment used by most of the opera-
tors. It cannot list all the materials as new devices
come onto the market everyday. Its purpose is more
to serve as a guide in making an adequate choice
in a specific situation. Most of the devices are pro-
duced by the major companies; some of them are
mentioned because of their specific characteristics.
The various embolic protection devices (EPDs) as
well as the dedicated carotid artery stents will not
be discussed in detail as this is the topic of other
chapters in this book.

The Interventional Suite

Carotid artery stenting should be performed in
a dedicated interventional suite equipped with
adequate imaging and monitoring accommodation.
All materials and drugs which may be necessary
during the intervention should be available and
present.

Imaging

Of uppermost importance is the imaging equip-
ment. Beside optimal fluoroscopy, necessary for
continuous control during the procedure, a high-
quality angiographic capacity is indispensable to
depict every detail of the extra- and intracranial
circulation. An automatic C-arm, two monitors
(one for live fluoroscopy and one for displaying a
reference image), digital subtraction angiography
(DSA), and roadmap are mandatory to perform this
procedure in a safe manner.

Monitoring

During the intervention, continuous monitoring of
the ECG and blood pressure are mandatory. Changes
during the procedure should be detected immediately
and an adequate reaction should be undertaken. An
activated clotting time (ACT) should be measured
to evaluate the effect of heparin, which is given after
the introduction of the interventional sheath or guid-
ing catheter. The use of EEG and TCD monitoring
remain optional as these data will not have a direct
influence on the intervention.

Drugs

Drugs like heparin, protamine, atropine or gly-
copyrrolate (in case of bradycardia), adrenaline,
nitroglycerine or papaverine (in case of spasm),
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nifedipine or labetalol (in case of hypertension)
have to be present in the interventional suite (see
Chaps.9 and 14). Others like glycoprotein IIb—
[ITa inhibitors and thrombolytic agents should be
immediately available in the hospital.

Interventional Table

After analysis of the diagnostic images, all inter-
ventional materials should be prepared according
to the instructions for use and put into a tray filled
with heparinized saline before starting the pro-
cedure. This minimizes the time dealing with the
lesion thereby reducing the chance of creating a
complication.

Rescue Equipment

Although avoiding complications is much better
than solving them, it is absolutely indispensable
to have rescue material available (see Chap.15). A
large thrombus in the internal carotid artery can be
aspirated by a dedicated aspiration catheter as well
as by a simple guiding catheter. Intracranial throm-
bolysis is performed through the microcatheters
used for interventional neuroradiology procedures.
With the use of dedicated clot retrievers, an attempt
can be made to remove intracranial emboli.

The Procedure

Carotid artery stenting is a multistep intervention
where every detail plays a major role. Before start-
ing a carotid artery stenting program, one should be
familiar with carotid artery catheterization, periph-
eral or coronary artery stenting, and with the use of
low-profile rapid-exchange systems.

Initial Imaging

Each procedure should start with imaging of the
aortic arch. This allows the operator to define the
type of aortic arch, to illustrate anatomic anomalies
like a bovine arch or an anomalous left carotid
artery originating from the proximal innominate
artery, and to demonstrate associated disease like
severe atherosclerosis of the arch. Through a 4 or
5 French diagnostic sheath, under local anesthesia
placed preferably in the groin, a 4 or 5 French
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pigtail or multiple side-hole flush catheter is intro-
duced into the descending aorta. There, it is flushed
and then advanced into the ascending arch. An
angiogram of the arch and the origin of the supra-
aortic vessels is performed in the left anterior
oblique position.

Equipment: Arch Imaging

* Diagnostic 4-5 French sheath
* 4-5 French pigtail or flush catheter
* 0.035” steerable hydrophilic guidewire

The next step consists of the selective catheteri-
zation of the target CCA. Most operators prefer a
retrograde femoral artery approach to access the
CCA; aright brachial or radial approach may facil-
itate access in case of a type III arch, anomalous
anatomy or in patients with tortuous or obstructed
aortoiliac arteries. This maneuver should be per-
formed in a meticulous way with adapted material
as it may in itself cause stroke even before the
index lesion is encountered. Selection of the cath-
eter is most dependent on the anatomy of the aortic
arch. Selective catheters come in a wide range of
shapes. Simple rules govern catheter choices. Most
operators rely on a relatively small selection of
catheters to perform all their cases. Selective cath-
eters for carotid catheterization can be divided into
two groups: those with a simple curve for easy
arches and those with a more complex curve for
tortuous arches or in case of an anomalous origin
of the CCA. Diagnostic angiography consists of
visualization of the bifurcation in several projec-
tions and of an intracranial study of the ipsilateral
hemisphere.

Equipment: Selective Catheterization
of the Great Vessels

¢ 4-5 French selective catheters:
—Simple curves: Vertebral, Berenstein, Judkins,
Headhunter, etc.
—Complex curves: Sidewinder, Newton, VTK,
Mani, etc.

Gaining Access

Once the diagnostic study is completed and the
stenotic lesion is identified and analyzed, access
should be established. Access to the CCA involves
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using either a guiding catheter or an interventional
sheath and can be gained by using the exchange
technique, telescopic technique, or direct probing
(see Chap.11). The choice of equipment and tech-
nique is largely dependent on operator preference,
although there are several anatomic factors that
might favor one technique or equipment over
another. The characteristics of sheaths and guiding
catheters are described in Tablel0.1. In patients
with simple arch and carotid anatomy, a 6 French
interventional sheath or an 8 French guiding cath-
eter will permit the operator to advance and retrieve
the interventional equipment necessary for the pro-
cedure. When the disease process does not involve
the carotid bifurcation and the external carotid
artery is patent, the exchange technique can be
used to introduce the interventional sheath or guid-
ing catheter into its correct position which is in the
distal CCA, a few centimeters below the bifurca-
tion. Under roadmap control, the diagnostic cathe-
ter is advanced using a 0.035” hydrophilic guidewire
into the ipsilateral ECA. This wire is then with-
drawn and replaced with a 260-cm long exchange
wire (regular in case of straight anatomy, stiff or
extra stiff in case of tortuous arch). The selective
catheter is withdrawn and the interventional sheath
or guiding catheter is advanced over the exchange
wire into its desired position. If the ECA is
occluded or cannot be catheterized or if the bifur-
cation is involved in the disease or the stenosis is
located in the distal CCA, the telescopic technique
is recommended to gain access. The sheath or guid-
ing catheter is placed in the descending aorta. With
the combination of a 125-cm long selective catheter
and a 0.035” steerable hydrophilic guidewire,
introduced into the sheath, the CCA is catheterized.
The sheath or guiding catheter is then advanced
over this guidewire catheter assembly which is kept

TaBLE. 10.1. Characteristics of sheaths and guiding
catheters.

Interventional sheath

6 French (ID)

100cm

Directly through the skin
Exchange — telescopic

Guiding catheter

8 French (OD)

90-100cm

Through 8 French (ID) sheath
Exchange — telescopic —

direct probing
Straight or curved tip Straight tip
Steerable Nonsteerable
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below the stenosis. In case of tortuous anatomy, the
use of a stiff 0.035” hydrophilic guidewire can
increase the support and facilitate the introduction
of the sheath or guiding catheter. A third technique
consists of direct probing of the common carotid
artery with a special shaped guiding catheter. This
technique is more aggressive in relation to an
atherosclerotic arch. If the common carotid artery
is tortuous, placing a straight sheath or guiding
catheter can aggravate this tortuosity, displace the
bifurcation, and create kinks in the distal internal
carotid artery. These disappear once the sheath is
withdrawn but can complicate the stenting proce-
dure. Mainly for these cases, a special curved guid-
ing catheter (like sidewinder curve) can be used
with the tip positioned in the proximal common
carotid artery, thereby respecting the anatomy. This
generally provides less support for the procedure.
Recently guiding sheaths, combining the properties
of both sheaths and guiding catheters, have been
developed.

In case of cerebral protection by flow reversal, a
specially designed double-lumen sheath has to be
introduced according to the instructions for use of
the specific device (see Chap.13).

Careful attention must be paid to the placement
of the tip of the interventional sheath or guiding
catheter to prevent spasm, thrombosis, or dissec-
tion. Continuous flushing with the use of a pres-
surized saline bag will prevent catheter thrombosis
(see Chap.12).

Equipment Required for Establishment
of Access

» 8 French guiding catheter (e.g., Cordis, Abbott,
Medtronic, Balt, etc.)

* 6 French interventional sheath (e.g., Shuttle,
Cook; Destination, Terumo; Arrow-flex, Arrow;
Vista Brite, Cordis, etc.)

» Exchange guidewire of 260-300cm:

—Regular for straight anatomy
—Stiff or super stiff for tortuous anatomy
(e.g., Amplatz, Supra Core, etc.)
* Pressurized bag of heparinized saline (1L)

Cerebral Protection

The use of the various EPDs is extensively described
in Chap.13. All EPDs share the common goal of
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preventing embolic debris from reaching the intrac-
ranial circulation, leading to stroke. There are three
different methods of performing cerebral embolic
protection during carotid artery stenting (1) distal
protection by blocking the flow distal to the lesion,
(2) protection by creating flow reversal in the intrac-
ranial artery, and (3) embolic protection by filtering
the blood that passes through the lesion. Although
comparative studies of various EPDs have not been
performed, this latter technique is most frequently
used. It is desirable to deploy the EPD before any
intervention is performed on the target lesion. When
the internal carotid artery is tortuous or kinked, the
use of an additional 0.014 rigid wire (buddy wire
technique) will straighten up this segment and facil-
itate passage of the filter. This necessitates passage
of the lesion with a soft microcatheter and a flexible
0.014 guidewire. With the tip of this microcatheter
in the distal segment of the ICA, the soft microwire
is exchanged for a 0.014 support wire which is left
in place during the rest of the intervention. Finally,
the buddy wire is retrieved just before delivery of
the stent. Choosing another device like a bare wire
filter system or another technique like embolic pro-
tection by flow reversal can also be an alternative.
Although all EPDs appear to be able to prevent dis-
tal embolization, proper use of these devices does
not ensure that this will not occur. Possible modes
of failure include inability to deliver or deploy the
device to the intended location, inadvertent device-
induced vessel injury or embolization, cerebral
ischemia due to device-induced carotid occlusion,
incomplete capture or retrieval of embolic debris,
or embolization into the external carotid artery that
might supply collaterals to the intracranial circula-
tion (see Chap.6):

* Buddy wire technique:
—Microcatheter and soft microwire (interven-
tional neuroradiology)
—0.014” support wire (300cm)

Pre- and Postdilatation

Although it is less desirable to dilate the lesion
before the distal circulation is protected, this may
be necessary to facilitate passage of the distal EPD
in case of pinpoint stenosis or heavily calcified
lesion. For this unprotected predilatation, an under-
sized 2mm coronary angioplasty balloon should
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be used. After placement of the EPD, a protected
predilatation using a PTA balloon with a diameter
of 3—4mm can be performed to allow passage of
stent delivery system. Finally, a PTA balloon with
a diameter comparable to that of the normal ICA
is used to postdilate the stent. Oversizing of the
balloon and application of high pressure should be
avoided as this can create dissections or rupture of
the artery. Carotid stent operators generally do not
pursue a perfect angiographic result and accept a
moderate stenosis for several reasons. First, mul-
tiple and aggressive balloon inflations appear to
increase the risk of complications. Second, the most
common reason for moderate residual stenosis after
stenting is heavy calcification of the target lesion,
which generally does not respond to high pres-
sure or repeated balloon inflations. Third, nickel-
titanium alloy (nitinol) self-expanding stents have
a tendency to continue to expand the lumen after
the procedure. It is possible that a moderate resid-
ual stenosis immediately after intervention may
remodel into a mild residual stenosis a few months
later. Some operators do not perform postdilatation
and this does not appear to cause problems due to
stent occlusion resulting from poor throughflow.

Finally, hemodynamic perturbations such as
vasovagal or vasodepressor reactions may limit
the number of balloon inflations. In any case, late
endothelialization of the stent will likely decrease
the risk of stroke, even if a moderate residual ste-
nosis persists:

* 0.014”-based PTA balloon:
—2mm coronary angioplasty balloon for unpro-
tected predilatation
—4-5mm PTA balloon for protected pre- and
postdilatation
* Inflation device

Stent

Several carotid artery stents are available; all are
self-expanding. Balloon-expandable stents should
only be used when the origin of the common
carotid artery is treated. Most of the stents are
made of nitinol; most of them have different
designs. Conformability and scaffolding are the
key characteristics while choosing the appropri-
ate stent. Conformability, defined as the ability
to conform to vessel tortuosity in the deployed
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state, is important especially when the anatomy is
tortuous where a rigid stent would straighten the
artery and create cerebral flow impairment due to
a kink at the distal end of the stent. Carotid stents
with an open-cell structure are more flexible and
therefore conform best in tortuous lesions. Stents
with a closed-cell structure like the stainless steel
stents tend to be more rigid and may straighten the
vessel during implantation. Scaffolding, defined
as the amount of coverage and support of the ves-
sel wall by the stent, is important when dealing
with vulnerable plaque (see Chap.8). Insufficient
scaffolding may be responsible for distal emboli-
zation. This can occur with nitinol stents with an
open-cell structure where embolic material can be
squeezed through the interstices of the stent. Radial
force only plays a role in heavily calcified lesions
because a stent with low radial force cannot resist
the elastic recoil produced by calcified plaque.
Beside straight stents, there are also tapered ver-
sions available. The tapered stents are intended to
be used in bifurcation lesions and are supposed to
respond better to the mismatch in diameter between
the common and internal carotid artery.

Although there is a lack of proven evidence that
stent selection influences the outcome and that any
one stent functions better than another, it seems
logical that in some cases, a particular stent design
can offer advantages. This is extensively discussed
in Chap.8.

Hemostatic Control

After completion angiography of both bifurcation
and ipsilateral intracranial arteries, all equipment
is withdrawn and hemostatic control obtained.
Closure devices are of particular importance in this
patient group which are treated with heparin and
dual antiplatelet therapy. Their use will also allow
early mobilization of the patient.

Key Points

* Meticulous technique and careful selection of
appropriate materials are both vitally important
to reduce the procedural hazard.
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* State-of-the-art imaging equipment with DSA
and roadmapping functions should be used.
During the intervention, continuous moni-
toring of the ECG and blood pressure are
mandatory.

All the drugs necessary for the procedure should
be in the interventional suite. Those drugs that
may become necessary to deal with complica-
tions (like glycoprotein IIb-IIla inhibitors and
thrombolytic agents) should be immediately
available within the hospital.

All the interventional materials necessary for the
procedure should be prepared in advance (once
calibrated angiography has allowed correct sizing
of the stent and protection system) to minimize
the time taken for completion of the procedure
and therefore the complication rate.

» Neurorescue equipment must be available in the
interventional suite (see Chap.15).

Choice of catheter for selective catheterization of
the carotid artery to be treated depends on arch
anatomy.

Access technique for placement of a long sheath
or guiding catheter in the common carotid artery
depends on patient vascular anatomy.
Unprotected lesion predilatation should be
avoided but if necessary, should be performed
after lesion crossing with a microcatheter and
soft neurointerventional wire (with subsequent
exchange for a support 0.014” wire).

Although all EPDs appear to be able to prevent
distal embolization, proper use of these devices
does not ensure that this will not occur.

Choice of stent depends largely on patient vas-
cular anatomy, lesion characteristics and to an
extent, whether the patient is symptomatic or
asymptomatic (see Chap.8).

* Aggressive postdilatation should be avoided.
Carotid stent operators generally do not pursue a
perfect angiographic result and accept a moderate
stenosis for several reasons.

Closure devices are useful in this population
treated with heparin and dual antiplatelets and
allow early patient mobilization, which allows
earlier “resetting” of the baroreceptors (see
Chap.14).
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Difficult Access: Tips and Tricks

Peter A. Schneider

Introduction

Access to the carotid artery for the delivery of a
stent must be performed safely for carotid angi-
oplasty and stenting (CAS) to be a viable treatment
option. Carotid access includes the following steps:
arch assessment, carotid artery catheterization, pas-
sage of an exchange guidewire, and placement of
a guiding sheath into the common carotid artery
(CCA) in proximity to the target carotid bifurca-
tion. The requirements of carotid access are that
the sheath must be placed safely and, once in
place, that it remain stable for the duration of the
procedure. Achieving carotid sheath access may be
straightforward in a patient with simple u-shaped
arch, great vessels arising from the top of the arch,
minimal tortuosity of the branches, and no extra
lesions involving areas outside the carotid bifurca-
tion. Unfortunately, the challenge faced in achiev-
ing access is often much greater, and is dependent
on one’s ability to identify, understand, and manip-
ulate difficult anatomy. This chapter reviews ana-
tomical consideration for carotid access, describes
difficult access anatomy, and offers tips for manag-
ing the difficult carotid access.

Anatomical Considerations
in Carotid Access

Anatomical considerations during CAS are a major
determinant of risk (Table 11.1). Managing certain
anatomical characteristics or, occasionally, avoiding
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them altogether, will make CAS safer [1-4]. The
comparison between the medical risk of carotid
endarterectomy (CEA) and the anatomical risk
of CAS helps in the selection of patients for each
procedure. In general, when patients are excluded
from CEA, it is usually because of comorbid medi-
cal conditions; when patients are excluded from
CAS it is usually because of unsuitable anatomy.
When CAS is indicated, risky anatomical features,
such as those which may be encountered during
access, influence the planning and performance
of the procedure and these features alter the risk/
benefit ratio of the stent procedure.

During CEA, it is unusual that major consid-
eration is required of anatomical features such as
arch configuration and this is manifested by the
infrequency with which arteriography is needed
prior to CEA [5, 6]. Conversely, the arch and
carotid anatomy of patients selected for CAS
must be thoroughly analyzed. This increased con-
cern about anatomical conditions in CAS vs. that
required for CEA is consistent with many other
situations where open surgery and endovascular
surgery are competing for primacy as the treat-
ment of choice in a given vascular bed. In open
surgical approaches, the access is direct, through
soft tissues or a body cavity. The pathway through
the lesion itself is often less important since the
conduit artery will be replaced or repaired, such as
in open aortic surgery or lower extremity bypass.
During endovascular repair, success is determined
by the ability to negotiate the anatomical pathway
to the lesion and then through it. When anatomical
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TaBLE 11.1. CAS steps and how they are affected by anatomy.
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factors are present during CAS, at the least they
make the procedure more challenging and demand
more pretreatment planning and intraoperative
maneuvering; at the worst, these features increase
the risk of the procedure or even prevent it from
being possible. Difficult CAS access increases the
stroke risk of the procedure. Many of the ongoing
developments in access techniques are designed to
manage these anatomical challenges.

The primary reason to perform CAS is to prevent
stroke, and the most significant end point by which
CAS is assessed is stroke or death. In large studies
on CAS, up to 30% of the CAS-associated strokes
occur in territories other than that served by the
carotid artery being treated [7, 8]. Difficult access
is caused by tortuous arch configuration, arch dis-
ease, anatomical variations of the arch, great ves-
sel tortuosity, and ectopic lesions of the CCA and
external carotid artery (ECA). When one or more
of these anatomical factors are present and cause
the access procedure to be accordingly modified,
the access may be considered “difficult.”

Standard Method for Carotid
Sheath Access

1. After femoral guidewire placement, use vessel
dilators to enlarge the arteriotomy and place a 6-
or 7F standard access sheath, appropriately sized

to the intended guiding sheath. Administer
anticoagulation. Perform selective catheteriza-
tion of the CCA using the simplest selective
cerebral catheter possible [9].

. Administer contrast through the selective

catheter to roadmap the carotid bifurcation.
The image intensifier should be angled to
achieve the best projection of the bifurcation.
Ipsilateral, steep anterior oblique projections
are often the most useful. Advance a 0.035-in.
steerable glidewire into the ECA. Although the
ECA origin is usually located anteromedially,
its branches often cross posteriorly, making it
difficult to discern without a roadmap, whether
the guidewire is advancing into the internal or
external carotid artery.

.In general, simple curve selective catheters,

such as the H1 Headhunter, the angled taper
Glidecath, and the Vert catheter, track more
easily into the ECA than do the complex curve
catheters such as the Simmons and the Vitek.
The complex curve catheters have a secondary
curve or elbow that must be straightened inside
the CCA before tracking becomes easier.

. After advancing the catheter into the ECA,

perform a digital run or roadmap to see where
the longest and largest branches are located for
placing the guidewire to get the best anchor
(Fig.11.1). Contrast usually refluxes out of the
ECA and into the internal carotid artery; so do
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FiG. 11.1. The external carotid artery may be roadmapped
in order to pick the best branch for the exchange guidewire.
This is especially useful in a system with a lot of tortuos-
ity where it is beneficial to get a longer distance of stiff
guidewire distal to the last turn from the arch into the com-
mon carotid artery

not inject too forcefully. The catheter tip must
be far enough into the ECA (>2cm), so that a
cough, turn of the head, or minor movement
does not pop the catheter out of the ECA and
into the bifurcation where its tip could cause
damage.

5. After advancing the catheter into the proximal
few centimeters of the ECA and roadmapping,
advance the Glidewire into a distal branch of
the ECA. Advance the selective catheter over
the Glidewire as far as it will go. Remove the
Glidewire. Make sure the catheter back-bleeds
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before placing the Amplatz exchange guidewire.
If the catheter tip is against the wall of the ECA
branch and there is no back flow, pulling the
guidewire will create suction and bubbles. When
the exchange guidewire is introduced to fill the
lumen, air will be pushed into the system. After
back-bleeding the selective catheter, place a stiff
exchange guidewire. The Amplatz guidewire is
260cm in length and has a short, floppy segment
at the tip. Perform fluoroscopy of the catheter
tip in the distal ECA as the Amplatz guidewire
is advanced. If the catheter tip begins to with-
draw, stop advancing the Amplatz super-stiff
guidewire. This is usually a sign that the cath-
eter is not anchored well enough in the ECA
and the Amplatz super-stiff guidewire is about
to pull the catheter out of the artery. Consider
exchanging for a stiffer selective cerebral cath-
eter, such as a vertebral catheter. The Amplatz
super-stiff guidewire should be advanced as far
into the ECA branches as possible. Do not force
the guidewire, however, as perforation of the
small branch artery may occur and cause sig-
nificant problems in an anticoagulated patient.
The patient may complain of facial, jaw, or ear
pain as the Amplatz guidewire tip is reaching its
destination.

. After the Amplatz guidewire is in place in

the distal ECA, remove the selective catheter.
Ensure that the guidewire tip remains in the
distal ECA by using spot fluoroscopy. Remove
the femoral sheath. Place the guiding sheath
through the femoral access. Prior to advancing
the sheath into the CCA, open and prepare the
guidewire, distal protection device, and bal-
loons intended for usage so that the procedure
may proceed expeditiously once the sheath is in
the CCA.

. If there is concern about the degree of tortuosity

in the system, briefly survey the course of the
guidewire using fluoroscopy before advancing
the sheath. There may be slack in the Amplatz
super-stiff guidewire in the descending aorta
or arch and this should be carefully and gently
removed without withdrawing the tip of the
guidewire. This may be done by focusing the
fluoroscopic image on the guidewire tip and
slowly withdrawing the guidewire until some
sign of movement is seen in the guidewire tip.
The sheath is more likely to advance smoothly
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8.

if the guidewire is in its straightest possible
course.

Advance the guiding sheath into the CCA. The
image intensifier should be positioned so that
field of view includes the tip of the Amplatz
guidewire in the distal ECA on the upper part
of the field while the arch branch origin is vis-
ible in the lower part of the field. This permits
observation of the exchange guidewire tip as
the sheath turns superiorly into the arch branch
(Fig.11.2). The guidewire should be pinned
carefully. If the guidewire is pushed forward, it
may perforate the ECA branch. As the dilator
comes into view and approaches the turn into
the CCA, carefully observe the shape of the
dilator and sheath to see whether it is tracking
over the guidewire. If the turn into the artery

10.

11.

Schneider

is too tight, the sheath may prolapse into the
proximal arch and pull the guidewire out of
the ECA. Sheath passage around a turn may be
facilitated by having the patients take a deep
breath or turn their head to help straighten this
segment slightly as the sheath passes by.

. The sheath is advanced with a steady, even,

forward force while the Amplatz super-stiff
guidewire is pinned and the tip of the guidewire
is observed under fluoroscopy. The sheath
progress cannot be observed along its entire
course since the image intensifier is held sta-
tionary to observe the guidewire tip and the last
turn from the arch into the CCA. If excessive
resistance is met, stop pushing and pan infe-
riorly to see the location, angles, and course
of the guidewire and the sheath. Occasionally,
slack builds up along the guidewire, which
must be removed. Occasionally, there is too
much tortuosity for the chosen access device
to cross. If there is excessive tortuosity in the
abdominal aorta and iliac arteries, consider
passing a larger sheath that is 45cm in length.
If the intended carotid sheath is 6F, for exam-
ple, pass a 7- or 8F sheath that will help to
straighten some of the tortuosity and pass the
6F carotid sheath through it.

The tip of the dilator does not have a radio-
paque marker as the end of the sheath does.
However, the tip of the dilator does extend
for several centimeters beyond the end of the
sheath. Care must be taken to avoid mechani-
cal dilatation of the carotid lesion with the tip
of the dilator. This is especially true for focal
lesions in the CCA or bifurcation lesions that
begin in the CCA. The silhouette of the dilator
tip can often be visualized on the magnified
fluoroscopic image (small field of view).
Advance the sheath until the radiopaque tip
is a few centimeters or more inside the CCA
(Fig.11.3). This is often at the level of the clavi-
cle or just superior. A mental note of this loca-
tion should be made at the time of the arch study.
If the operator is uncertain of where the relative
landmarks are located to identify the origin of
the CCA and the bifurcation for safe sheath tip

placement, review the arch study. The tip of the
sheath must be far enough inside the artery that
it does not pop out into the arch, but not so far
into the artery that it crosses or butts up against

FiG. 11.2. The exchange guidewire is placed in the exter-
nal carotid artery. The image intensifier is positioned so
that the tip of the guidewire and the last turn from the
arch into the common carotid artery are visible
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Fi1G. 11.3. The carotid angioplasty and stenting access sheathis
placed from the femoral artery to the common carotid artery,
a distance of 60-85 cm, depending on the height of the
patient [9]

the lesion. The sheath tip should be placed a
few centimeters or more proximal to the lesion
so that there is working room for the intervention.
The last few centimeters of advancement of the
sheath may be achieved by holding the dilator
steady and advancing the sheath over the dilator.

12. The dilator is removed. The sheath is back-
bled and then flushed gently, taking care to
avoid bubbles. Prior to removing the Amplatz
guidewire, perform a selective carotid arte-
riogram through the sidearm of the sheath to
check sheath position, locate the lesion, and
ensure that there has been no damage to the
CCA during sheath passage. If the sheath
must be advanced further, maintaining the
stiff guidewire in place is necessary until this
is completed. With each maneuver, such as
sheath placement or removal of the dilator, the
anatomical relationships of the carotid artery
may change and tortuosity may disappear or be
introduced.

13. Remove the Amplatz guidewire from the ECA.
If the sheath position is tenuous or the arch
anatomy was particularly challenging, the
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sheath may become unstable when the stiff
guidewire is removed. In this case, leave the
Amplatz guidewire in place as a support until
the treatment guidewire is advanced into place
or introduce a separate 0.014-in. buddy wire
to hold the sheath steady. When the Amplatz
guidewire is removed, observe with fluoros-
copy to ensure that the sheath does not back up
by any significant distance.

14. Technical Tips for CAS Access are described in
Table 11.2.

What Makes CAS Access Difficult?

The pathologies that complicate access for CAS
include tortuosity, calcification, extra lesions in
inconvenient places, and anatomical variants.
Tortuosity is the most challenging anatomi-
cal pathology and may occur anywhere along
the pathway from the access artery to the carotid
bifurcation. Tortuosity of the approach arteries,
such as the arch and its branches, makes access
a challenge. Extreme tortuosity, such as arterial
loops, makes access via that artery impossible.
Tortuosity may be manipulated or moved but the
total degree of vessel curvature cannot be reduced.
If a tortuous segment is straightened with a sheath
or a guidewire, that straightened segment may form
a corrugated pattern of multiple contiguous curves
in rapid succession. The tension may be shifted to
some other segment, usually more distally, if only
temporarily, and may therefore make some other
part of the procedure more complicated.
Calcification may occur anywhere in the sys-
tem but commonly requires consideration when it
occurs in the arch. Scattered calcification poses an
embolization risk. Friable lesions of the roof of the
arch substantially increase the risk of catheterizing
the arch and its branches. Diffuse calcification in
the arch or proximal to mid arch branches is a con-
traindication to CAS. The arteries along the path-
way from the groin to the CCA must bend to permit
sheath access. In most cases the arch and its entry
and exit arteries are malleable and flexible. After
placement, the sheath follows a straighter course
than would be predicted based on preprocedure
imaging, indicating that the arch and its branches
bend when stiff devices are advanced. When dif-
fuse calcification occurs, there are no flex points
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TaBLE 11.2. Tips for carotid artery access for intervention.

Ju—

. Line everything up ahead of time
. Make sure the guidewire, balloon catheters, and stent deployment catheters are long enough to accommodate the length of

. Assess the arch by analyzing the anatomy during the planning phase of the case. Anticipate the likely level of challenge posed

by the anatomy (especially the arch) in each case and be ready to perform maneuvers to enhance your likelihood of success

. Put the sheath in warm saline bath to improve its flexibility (Be sure that your assistant does not put the Nitinol stent in the

. Use the external carotid artery to anchor the guidewire for sheath placement and place the Amplatz guidewire as far into the

2. Make sure everything fits through the sheath you plan to use
3
the sheath you selected
4
5. Use the lowest profile sheath possible (usually either 6- or 7F).
6
same warm saline bath.)
7
artery as possible, but do not perforate a distal branch
8

. Use special maneuvers to help with sheath delivery when they are needed. These include the following: have the patient take

a deep breath, turn the patient’s head, take slack out of the guidewire, compress the guidewire tip along the face or scalp,
use a very short floppy tip on the super-stiff guidewire, and use the push—pull technique
9. Do not perform mechanical dilation of the carotid lesion with the tip of the dilator when the sheath is advanced. Withdraw

the dilator slightly if needed
10. Do not force the sheath

11. Watch the guidewire tip as the sheath is advanced so that the sheath is not permitted to pull the guidewire out of the ECA
12. Put the sheath tip a little farther than the intended location since it usually backs up a little bit when the stiff guidewire is

removed

ECA external carotid artery

and passing a stiff device may cause the artery to
fracture.

Tortuosity and calcification combined is a spe-
cial situation. Calcification alone or the tortuosity
alone may be manageable, but together they pose
a substantial risk of arterial injury, sheath instabil-
ity, dissection, and embolization. Tortuous and
calcified arteries resist straightening and may break
rather than bend.

Extra lesions in inconvenient places compli-
cate CAS access. Occlusive disease occurs in
the innominate or CCA origin and makes sheath
access challenging. When these origin lesions
are hemodynamically significant, they must also
be stented. When they are not hemodynamically
significant, they must still be crossed while avoid-
ing injury during sheath placement. Occasionally
a separate lesion is present in the CCA proximal
to the bifurcation lesion. Management of these
tandem stenoses may require that the proximal
lesion be crossed with the exchange guidewire
so that the sheath can be placed. The sheath must
be deployed in a manner that avoids disruption
of the proximal lesion by the tip of the sheath
as it bounces up and down with the cardiac and
breathing cycles. In addition, both lesions might

be covered with the same stent or two separate
stents may be required or if the CCA lesion is
mild, no treatment may be required but disrup-
tion must be avoided.

Stenosis or occlusion of the ECA complicates
sheath access because it cannot be used to anchor
the exchange guidewire. The exchange guidewire
tip must be maintained proximal to the bifurcation
during sheath placement. The sheath is advanced
over a combination of exchange guidewire and
inner catheter (“telescoping technique”) which
provides a rail to make the turn from the arch into
the CCA.

Variations in anatomy are not technically patho-
logical entities but may function in that way in
obtaining CAS access. Anatomical variation can
complicate remote access, the most common one
being the bovine arch [10, 11].

CAS Access Anatomy and How
it Affects the Case

The arch and great vessels have features that
must be negotiated and managed to achieve CAS
access.
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TaBLE 11.3. Managing arch segments.
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Catheter

Considerations

Anatomy
Segment I Superior to fulcrum
Left side of arch
Segment II Superior to fulcrum
Right side of arch
Segment 11T Inferior to fulcrum

Right side of arch

Simple curve

Simple curve

Complex curve

Straightest path to carotid

Easy to maneuver

Usually only subclavian is segment I
Distance to right is important
Width of arch is important

Work over fulcrum

More challenging than segment I
Distance to right is important
Distance inferior to fulcrum
Work over fulcrum

Most challenging

Arch Configuration. The shape of the arch tends
to elongate with age and this seems to accelerate
with prolonged hypertension. As the arch proximal
to the descending aorta becomes elongated, a peak
or a focal point is created at the upper inner aspect
of the arch. This point becomes a fulcrum over
which the catheter must work and over which the
carotid access sheath must pass to enter the CCA
(Fig.11.4). To plan for CAS, the arch has been clas-
sified into segments that help anticipate the chal-
lenge of sheath access ([12]; Table 11.3).

The further inferiorly and toward the patient’s
right side the arch branch origin is located, the
more challenging the access (Fig.11.5). The trajec-
tory from the fulcrum to the target artery determines
difficulty in access. Segment I is straightforward
while segment II is more difficult and segment III
is usually very challenging. When the target artery
originates in segment III, a stable access cannot be
guaranteed. The last turn along the pathway out of
the arch and into the CCA is severely angulated.
When the curvature along the pathway from the
beginning of the arch into the CCA adds up to more
than 180°, the access is likely to be very challeng-
ing. There are other configurations where the last
turn out of the arch is a hairpin, including the left
CCA on a bovine arch and a retroflexed left CCA.

The more degrees of curvature in the system,
the more likely that the access approach will be
aided by a stiffer guidewire, a longer length of
guidewire past the last turn (from the arch into the
CCA), and a more flexible sheath (or even a guid-
ing catheter).

There are many different choices of exchange
guidewires. The Rosen guidewire or the Stiff
Glidewire are relatively useful in a straight arch. The

FiG. 11.4. The upper inner aspect of the arch forms a fulcrum
over which the catheter and sheath must work to reach the
target common carotid artery [9]

more tortuous arch, with the target artery originating
from segment III, may require an Amplatz super-stiff
guidewire or a Nitinol exchange guidewire to create a
rail firm enough to advance the sheath. The exchange
guidewire is anchored in a distal ECA branch if more
length of guidewire is needed past the turn from the
arch into the CCA.

The pathway can often be made less tortuous
with the assistance of the patient. A deep inhalation
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FiG. 11.5. The aortic arch may be divided into segments.
A horizontal line crosses through the upper inner aspect
of the arch, the fulcrum point. The arch is bisected with
a vertical line. This is a quick method of assessing the
potential challenge of placing an access sheath into a
specific common carotid artery [12]

changes the angles of the arch structures. Turning the
head steeply toward one side can help alleviate a kink
in the proximal CCA or change its angle of origin
from the arch. When placing the sheath in a tortuous
arch, it is best to position the image intensifier for a
left anterior oblique projection. This is the best way
to visualize the turn from the arch into the CCA. As
the sheath approaches the CCA during placement,
the configuration of the exchange guidewire observed
with fluoroscopy gives clues as to the likely success
of continued sheath advancement. If the exchange
guidewire becomes progressively more curved at the
location of the turn from the arch into the CCA as
the sheath approaches, this is a sign that the sheath
will probably not make the turn and that additional
adjustments will be required.

Arch Variations. There is a significant amount of
anatomical variation in the aortic arch ([11]; Table
11.4). Only ~60-70% of people have classical arch
anatomy with three separate brachiocephalic arter-
ies. Arch imaging is necessary in planning for CAS
access, either with arteriography or axial imaging
so that the operator knows what to expect during
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TABLE 11.4. Arch variations.

Common trunk, innominate/LCCA (25-30%)
LCCA origin from innominate (7%)

L vert origin from aortic arch (0.5%)

Aberrant right subclavian artery (1%)

L brachiocephalic trunk (1%)

LCCA left common carotid artery
vert vertebral

the procedure. During carotid catheterization of
the arch branches, small puffs of contrast injected
by hand can be used to confirm the identity of the
artery before proceeding.

The bovine arch, which occurs in ~7% of cases,
poses a challenge during carotid sheath place-
ment. In this case, the left CCA originates from
the innominate artery rather than the aortic arch.
A milder form of this occurs more frequently with
a common trunk, where the innominate and the
left common carotid arteries arise from the same
trunk. The bovine variation is only important in
cases where the left CCA is the target artery for
CAS. The bovine left CCA presents two problems:
catheterization of the left CCA is more challenging
and sheath placement requires crossing a tight turn
from the arch into the left CCA. Catheterization of
the bovine left CCA is more complex than cathe-
terization of standard anatomy and often requires a
complex curve or reversed curve catheter [13, 14].
Simple curve catheters tend to enter the innominate
and continue a trajectory into the right CCA. In
the bovine configuration, the left-sided neck artery
originates from the patient’s right-hand side. The
artery origin must, therefore, be approached from
the patient’s right. The complex curve catheter,
with a primary and a secondary curve, permits this
approach; examples of this type of catheter include
the Simmons catheter and the Vitek catheter. The
second problem with the bovine left CCA is that
after it has been catheterized and sheath access is
being obtained, the last turn from the arch into the
artery is accentuated. The bovine configuration
often makes the last turn a hairpin turn, making
the whole pathway more tortuous. So even if the
arch configuration is not particularly tortuous, a lot
of curvature is introduced, just as if it were a seg-
ment III branch. In addition, the bovine left CCA
may originate from the innominate at an angle that
brings the artery sharply back to the patient’s left
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side, a path that would not be an issue during CEA
but makes getting there more problematic for CAS.
The bovine arch can usually be managed using the
same techniques as for a target artery whose branch
originates in segment III, such as stiffer exchange
guidewire, longer length of guidewire past the last
turn into the carotid artery, and a more flexible
sheath. If however, this is not possible, a right bra-
chial approach should be considered. Coming from
the right brachial artery, the pathway is often very
direct into the left CCA without the need to pass
through the arch.

Other variations do not necessarily affect the
performance of CAS, but may make catheterization
dangerous if the operator does not understand the
position of the catheter. For example, one would
not want to mistake a catheter placed in a left ver-
tebral that originates from the arch and believe that
it was in the left CCA.

Disease of the Aortic Arch. Significant aortic
arch disease may occur in a diffuse pattern or a
more focal one. The diffuse pattern may not cause
significant stenosis at the origins of the branches,
but it affects the roof of the arch. This is a danger-
ous pattern because of the risk of embolization
with arch manipulation and should be avoided. If
the patient requires a stent, it should be placed via
direct carotid access.

Focal stenosis at the origin of the innominate or
common carotid arteries is germane to the CAS
procedure if it occurs along the pathway to the
artery intended for CAS. These tandem lesions
(arch branch origin plus carotid bifurcation) may
be managed with a combination of open and

TaBLE 11.5. Technical tips for assessing the aortic arch.
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endovascular surgery or with stenting alone
[13]. The fact that there are two lesions in the
same circuit increases the risk of whichever pro-
cedure is selected. The management option that
we prefer is the following: balloon angioplasty
of the CCA origin lesion on the way in to make
room for the sheath; CAS with protection; then,
stenting of the CCA lesion on the way out with
a balloon expandable stent for an origin lesion
(Table 11.5).

Tortuosity of Arch Branches. Tortuosity of the
innominate and common carotid arteries provides
a significant challenge in some cases. Tortuous
arteries may require extra planning and take several
extra steps, perhaps using a system of gradually
increasing stiffness.

The innominate artery is often redundant and
the segment between the distal innominate and the
midright CCA is a place where kinks and loops
may occur. There is often a prominent right supra-
clavicular pulse from this redundancy and this
may be interpreted as an aneurysm. Visualization
of the innominate bifurcation into proximal right
common carotid and subclavian arteries usually
requires a right anterior oblique projection. The
innominate is usually shorter than it appears in the
left anterior oblique projection since the proximal
right CCA and the right subclavian artery are
usually superimposed. A retroflexed left CCA,
which meanders toward the left neck in an almost
horizontal trajectory, makes the last turn out of the
arch and into the left CCA a hairpin turn. This can
mimic the effect of a bovine left CCA on the tortu-
osity in the system.

1. The initial arch aortogram is obtained in the optimum oblique projection to provide the widest arc possible to separate the arch

branches

2. Factors that make sheath access a challenge include arch tortuosity, arch variations (such as bovine configuration), tortuosity of
the great vessels (such as a retroflexed left carotid), and ectopic disease in the arch or great vessels

3. When planning the initial branch vessel catheterization, tortuosity of the arch and the relative complexity of the access can be
estimated from the location of the vessel’s origin as it relates to the fulcrum point of the arch

4. The degree of challenge increases when branches progress form segment I to segment III. Arteries that originate from
segment III are the most challenging to catheterize, with the origin of the target artery inferior to the horizontal line of the

arch fulcrum

5. The operator must be aware when arch variations are present so that these may be managed and inadvertent catheterization

of the wrong vessel can be avoided

6. Great vessel tortuosity and extra lesions outside of the carotid bifurcation complicate catheterization and access
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When a sheath is placed into a tortuous CCA
and especially if the tip of the sheath is in a tortu-
ous segment, the sheath is in an unstable position.
The curvature in the innominate or CCA will
attempt to “spit out” the sheath. After the dilator
and exchange guidewire have been removed, the
sheath relaxes and the tip of the sheath begins to
back up. With the breathing cycle there is a slight
intermittent straightening and recurving of the arch
and branch anatomy. If the position of the sheath
is unstable, it can be observed to back out of the
CCA in a “wiggle worm” fashion with each breath.
When there is significant tortuosity at the arch or in
the arch branches, place the sheath tip farther into
the CCA and closer to the bifurcation than imme-
diately appears to be necessary. Care must be taken
to avoid encountering the bifurcation lesion with
the dilator as the access sheath is being placed.
The sheath may be advanced over its dilator for the
last few centimeters to its desired location. When
the stiff dilator and guidewire are removed, the tip
of the sheath will likely retract a short distance, but
still be in reasonable position in the mid-CCA. If
this approach is not adequate to achieve a stable
sheath position, a 0.014-in. buddy wire is placed in
the ECA to stabilize the sheath so that it will not be
spit out. This requires that the sheath be upsized by
1F so that the stabilizing buddy wire and the stent
delivery catheter may run parallel to each other
within the sheath.

The proximal to mid common carotid arteries
is a location where severe kinks and even full
loops can occur. A severe kink may be crossed and
straightened but with great caution since injury to
the artery may occur during sheath placement. If
any curvature is changed as a result of the proce-
dure, possibly related to straightening one segment,
a preexisting kink in another segment may become
worse and impede inflow. If the kinked artery
is also calcified, it may bend to the will of the
exchange guidewire and sheath and may fracture.
A full loop in the CCA is rare and should not be
crossed with a sheath. Carotid stenting using this
approach with this anatomy is contraindicated.

After the sheath is placed in a tortuous approach
artery, several things can happen that must be
managed. A tortuous CCA that has been forced
straighter over a sheath may accordion and this
might impede inflow during the stenting proce-
dure. Impeding forward flow in the CCA may start
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a cascade of events that could include thrombus
formation, difficulty performing the procedure due
to lack of visualization in the no-flow or low-flow
state, or vessel injury. If a problem does occur
during the procedure, it may be impossible to tell
where the defect is located in the setting of altered
flow. The sheath itself may also change the anat-
omy at the bifurcation. By straightening the access
artery, the entry and/or exit angles to the lesion
itself may become more difficult to negotiate.

Occlusive Disease of the Arch Branches. Spillover
plaque from the aortic arch into the innominate or
left common carotid arteries must be treated in less
than 5% of CAS cases [15, 16]. The most common
scenario is a mild or even moderate stenosis caused
by plaque at the origin of the artery. This often does
not impede inflow in any significant way and does
not require specific treatment but must be negoti-
ated deliberately and safely. When the stenosis
caused by the plaque is severe enough such that
it causes flow limitation in an artery with planned
CAS, the situation must be managed as tandem
lesions, as discussed previously.

Occlusive disease may also occur proximal to
the bifurcation, in the middle or distal segments of
the CCA. Injury or disruption to these coincidental
lesions must be avoided and, if hemodynamically
significant, must be treated. These lesions may be
focal or even shelflike, or may be diffuse and cover
many centimeters of the approach artery. Most
commonly, there is diffuse but mild stenosis with
minimal hemodynamic impact. The best way to
avoid disrupting these lesions during sheath place-
ment, that are separate from the bifurcation lesion,
is to place the exchange guidewire either well short
of the CCA lesion, or all the way through it and
well past it. Avoid having the exchange guidewire
bobbing up and down through a CCA lesion during
sheath placement. Likewise, the sheath tip should
be placed proximal enough to a separate CCA
lesion so that there is no interaction. If this is not
possible because of instability of this sheath posi-
tion, the sheath should be placed all the way across
the lesion.

The decision must be made whether the lesion
in the approach artery is severe enough that it
requires stenting at the time of carotid bifurcation
stent placement. When the lesion in the approach
artery is significant, it should be stented at the time
of CAS. If the lesion is in the distal CCA and is
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contiguous with the bifurcation, it should be stented
along with the bifurcation, even if the degree of ste-
nosis of the CCA itself is not severe. Avoid placing
the lower end of the stent partially across the body
of the lesion in the distal CCA as this may poten-
tially transect or disrupt the lesion.

Stenosis or Occlusion of the External Carotid
Artery. The ECA may have a stenosis or an occlu-
sion that is separate from the internal carotid
artery (ICA) stenosis or may be contiguous with
the bifurcation lesion. The challenge of external
carotid occlusive disease may present itself in
several ways. External carotid artery occlusion
makes this vessel unavailable as an anchor point
for the exchange guidewire during sheath access,
as mentioned previously. The exchange guidewire
used for carotid sheath placement is placed in the
CCA. If the CCA is short or the arch is tortuous,
the sheath first telescoping method may be used,
which is discussed below. If the ECA is occluded
and the ICA lesion is critical, as the filter delivery
catheter or the stent delivery catheter crosses the
lesion, flow will stop. This will cause an inability
to visualize the bifurcation by administering con-
trast since there is no flow from the CCA origin to
intracranial ICA.

Alternative Methods of Achieving
CAS Access

The standard method of carotid access sheath
placement is described above and is performed by
placing an exchange guidewire into the ECA and
advancing the sheath from the groin to the neck.
Sometimes this approach is not possible and an
alternative must be considered. Indications for
alternative access are listed in Table 11.6.

Sheath First Telescoping Method. This method is
performed by advancing the sheath into the distal
aortic arch first, then cannulating the CCA with an
extra long catheter and advancing or telescoping
the sheath over the guidewire—catheter combina-
tion. The sheath is placed in the distal arch using
a standard dilator. A 125-cm selective cerebral
catheter is used to cannulate the CCA that is only
a few centimeters beyond the tip of the sheath. The
longer cerebral catheters are required to extend
beyond the 90-cm carotid guiding sheath. The
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TaBLE 11.6. Indications for alternative CAS access.
Method Indication
Telescoping sheath first  Occlusion or stenosis of ECA
Lesion of the distal CCA
Bifurcation lesion prevents safe
ECA access

Brachial or radial access Bovine arch with left CCA target

No femoral access

Hostile groin

Aortoiliofemoral occlusive disease

Aortoiliac aneurysm

Thoracic dissection

Severe arch or great vessel
tortuosity

Where angles favor this approach

Right CCA target with

Tortuous arch or ECA occlusion
or both

No femoral access

Arch disease

CCA tortuosity

Subclavian anchor

Direct CCA access

CAS carotid artery stenting, ECA external carotid artery, CCA
common carotid artery

selective catheter is used to roadmap the bifurca-
tion and the exchange guidewire is advanced into
the distal CCA, taking care to avoid encountering
the lesion. The catheter is advanced to the mid or
distal CCA over the exchange wire. The sheath is
advanced the rest of the way into the CCA over the
cerebral catheter—exchange-guidewire combination.

The advantage of this approach is that the sheath
has already crossed most of the distance from
the femoral access site before the arch branch is
engaged (Fig.11.6). The sheath can be used to
support the selective cerebral catheter as it initially
enters the CCA. The sheath can be advanced the
short remaining distance to its desired location
without catheterizing the ECA.

Subclavian Anchor. This method is performed
by placing an exchange guidewire into the right
subclavian artery, advancing the sheath into the
innominate artery, roadmapping and catheterizing
the right CCA, then advancing the sheath into the
right CCA (Fig.11.7). This technique works in the
uncommon but challenging scenario of a right-
sided lesion with a tortuous arch and a limited
distance available to place the exchange guidewire.
After placement of the sheath in the innominate
artery, with the exchange guidewire still present
extending into the right subclavian artery, the
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FiG. 11.6. This patient underwent carotid stenting using the sheath first telescoping technique. The external carotid
artery was not usable. The sheath was advanced over the combination of the guidewire and catheter in the distal com-
mon carotid artery. (a) Arch aortogram. Patient has a left carotid lesion. (b) Lesion is present in the distal common
carotid artery. (c¢) Carotid arteriogram after left carotid stent placement

sheath is used as a platform to catheterize the right
CCA. A separate guidewire is advanced into the
right CCA. The subclavian artery wire is removed,
the dilator or a catheter is placed in the sheath over
the CCA guidewire and the sheath is advanced a
short distance from innominate to CCA.

Brachial or Radial Access. This method is
performed by puncturing the brachial or radial
artery and approaching the arch from the sub-
clavian artery [17-19]. The selected arm is
abducted on an arm board. A micropuncture set
is used with a 21-gauge and a 4F dilator. After
a guidewire is advanced into the axillary artery,
a 4F sheath is placed. Administer nitroglycerine
through the sheath and into the forearm and
hand to help minimize spasm. Hold precise and

continuous pressure on the arterial puncture site
between exchanges to prevent the beginning of
a brachial hematoma. If any diagnostic carotid
arteriography is required that might change the
candidacy of the patient for a stent, it can be per-
formed with a selective cerebral catheter placed
through the 4F sheath.

Which side do you puncture? If it is a right-
sided lesion, almost always the right upper extrem-
ity is used for access. This avoids going into the
arch altogether. If it is a bovine arch with a left
carotid lesion, access the right brachial. Accessing
the left CCA in a patient with standard anatomy
is the least successful with this approach. Look at
the entry angles from each side on preoperative
imaging for clues.
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FiG. 11.7. This patient was treated with the subclavian anchor technique to obtain right carotid sheath access. (a)
The aortogram shows that the arch is somewhat tortuous and cannulation of the right common carotid artery may
be challenging. (b) The right carotid bifurcation stenosis adds to the challenge; the stenosis blocks access to a poor
external carotid artery. (¢) To get enough exchange guidewire purchase to advance the sheath, the guidewire is placed

initially into the subclavian artery

The appropriate 6F carotid access sheath is
selected. An access issue that is different about
this procedure is that the tightest turn will always
be just 10-15cm from the lesion to be treated. The
challenge is to get the sheath around. The dis-
tance from the brachial puncture site to the arch is
40-55cm, depending on the size of the patient. The
length of the CCA, from its origin to the desired
sheath location, is 8—11cm. The sheath should be

about 70cm in length for a brachial approach and
90 for a radial access.

Graduated rigid dilatation is performed prior
to access sheath placement. Most of the time you
are only dilating the arteriotomy with rigid dila-
tors but in this case you are dilating the inflow
brachial and radial arteries as well; so advance
the dilators to the hub. If subclavian-axillary-
brachial artery is tortuous, passing stiffer devices
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may cause it to bunch up. This can be remedied
by putting the arm closer to the patient’s side
to stretch out the artery. Advance the tip of the
sheath to just short of the major turn into the
CCA. Remove the dilator for the sheath and
place a diagnostic catheter;

When going from a right brachial with standard
anatomy into the right carotid, use a right anterior
oblique projection. When going from a right brachial
with standard anatomy into the left carotid, use a left
anterior oblique projection to open up the distance
between innominate and left CCA. When going from
a right brachial with bovine anatomy into the left
carotid, use the left anterior oblique projection.

Use a hook-shaped catheter and a Roadrunner
guidewire or a stiff Glidewire. Advance the catheter
into the proximal to mid common carotid artery using
the sheath for support. Sometimes the sheath can be
advanced just slightly to give greater support to the
catheter. Reposition the image intensifier to open the
carotid bifurcation and roadmap the ECA. Advance
the guidewire into the ECA, and then advance the
catheter over the guidewire into the ECA. Place an
exchange guidewire — a Supracore is a good choice.
It has several centimeters of floppy tip that will make
the turn into the CCA before the stiff part of the
guidewire hits the turn. The sheath can be advanced
over the catheter and guidewire combination or the
dilator may be placed and that system advanced. The
patient can also help by turning the head or extending
the neck to open up the angle into the CCA. After the
sheath is in place, as long as it does not kink, this is
usually a fairly stable position.

Conclusion

Safe CAS access is associated with a thorough
understanding of the anatomical features of the
approach arteries. Several access methods are avail-
able and specific maneuvers may be performed that
assist in achieving CAS access.

Key Points

 Access to the carotid artery for the delivery of a
stent must be performed safely for carotid angi-
oplasty and stenting (CAS) to be a viable treat-
ment option.
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e Managing certain anatomical characteristics or,
occasionally, avoiding them altogether, will make
CAS safer.

The comparison between the medical risk of
carotid endarterectomy (CEA) and the anatomi-
cal risk of CAS helps in the selection of patients
for each procedure.

In large studies of CAS, up to 30% of the CAS-
associated strokes occur in territories other than
that served by the carotid artery being treated;
so excessive catheter/guidewire manipulation in
the aortic arch can be associated with significant
penalty.

Arch imaging is necessary in planning for CAS
access, either with arteriography or with axial
imaging so that the operator knows what to
expect during the procedure.

The pathologies that complicate access for CAS
include tortuosity, calcification, extra lesions in
inconvenient places, and anatomical variants.

If a tortuous segment is straightened with a
sheath or a guidewire, that straightened segment
may form a corrugated pattern of multiple con-
tiguous curves in rapid succession. The tension
may be shifted to some other segment, usually
more distally, if only temporarily, and may there-
fore make some other part of the procedure more
complicated.

The more degrees of curvature in the system,
the more likely that the access approach will be
aided by a stiffer guidewire, a longer length of
guidewire past the last turn (from the arch into
the CCA), and a more flexible sheath (or even a
guiding catheter).

The exchange technique is the most commonly
used method for gaining access to the CCA with
a long sheath.

Both the exchange technique and the “telescop-
ing” technique can be facilitated by deep inspira-
tion by the patient or by neck movement.

Access may be facilitated by using a “subclavian
anchor” and sheath stability may be improved by
placing a 0.014-in. buddy wire in the ECA.
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Procedural Tips and Tricks

Robert Fathi

Introduction

Of all peripheral vascular interventions, carotid
artery stenting (CAS) remains the procedure with
the steepest learning curve and the lowest margin
for error. The procedure demands a meticulous
approach, advanced catheter and guidewire skills,
an excellent appreciation of neuroanatomy, and the
ability to manage dynamic fluctuations in hemo-
dynamic status. Of perhaps greater importance is
the decision-making and judgment necessary for
appropriate patient selection.

This chapter presents a technical overview of the
current approach to CAS and aims to highlight the
complexities involved and safety considerations
which are mandatory for successful outcomes.

Preprocedural Issues

It is of utmost importance to have an appropriately
selected patient for this procedure. All referred
patients are carefully screened and examined as
outpatients. Carotid duplex ultrasonography results
are routinely reassessed so that results for follow-
up are standardized, preferably at an accredited,
audited vascular laboratory. Once a patient is found
to comply with the currently accepted indications
for carotid stenting, the patient should also be
assessed by a certified neurologist to obtain a base-
line clinical report, neurological stroke scales, and
at least one neuroimaging modality such as com-
puted tomography or magnetic resonance imaging.

After the decision to proceed with carotid stenting
is made and informed consent obtained, the patient
will be instructed to take 300 mg aspirin daily and
75 mg clopidogrel per day after a 300-mg loading
dose commencing at least 3 days before the sched-
uled procedure date (see Chap. 9). Patients are asked
to continue with all their usual medications with the
exception of metformin and beta-blockers which
should be withheld the day before the procedure. It
may be necessary to withhold warfarin up to 5 days
before the procedure. Patients with prosthetic heart
valves will commonly be bridged during this period
with intravenous heparin until warfarin is reinsti-
tuted and INR levels are therapeutic.

It is essential that patients are adequately volume
replete prior to the procedure. They must have
at least one 18-gauge or larger intravenous line.
Intravenous fluids are commenced based on their
preassessed left ventricular function: 1 L of normal
saline at 150 mL h~' for normal function (ejec-
tion fraction [EF], >50%); 100 mL h~!' for mild
or moderate dysfunction (EF, 30-49%); 500 mL
normal saline at 75 mL h™! for severe dysfunction
(EF, <30%) or severe aortic valve stenosis. Prior to
the procedure all patients are taught to cough force-
fully and repeatedly on demand. This maneuver is
useful if the patient develops profound procedural
hypotension or bradycardia or both. Coughing
increases aortic pressures until an inotrope (e.g.,
8.0 pg noradrenaline) or antimuscarinic (e.g.,
atropine or glycopyrrolate) can be administered.
Although the routine intraprocedural administra-
tion of antimuscarinics is advocated.

S. Macdonald and G. Stansby (eds.), Practical Carotid Artery Stenting, 133
DOI: 10.1007/978-1-84800-299-9_12, © Springer-Verlag London Limited 2009
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The Procedure

Efficiency of technique is paramount for successful
CAS. The procedure ideally requires three persons
to be scrubbed: two at the procedural table and
one at the back table whose role it is to prepare the
equipment. Equipment for each stage of the proce-
dure must be prepared and available well ahead of
time (see Chap. 10). Prolonged filter deployment
resulting from lengthy procedures was an inde-
pendent predictor associated with stroke and death
in a registry of patients with severe carotid stenosis
undergoing carotid stenting who were at high-risk
for carotid endarterectomy [1].

Access via the common femoral artery is typi-
cally obtained using a short S5F sheath. At this
point unfractionated heparin is then administered
as a bolus of 70 u kg~!. An activated clotting time
(ACT) is checked within 5 min. A retrospective
analysis of patients undergoing CAS found that
the ideal ACT range for the lowest combined rate
of death, stroke, or myocardial infarction was
250-299 s [2]. If the initial ACT is insufficient then
further heparin boluses are administered before the
procedure progresses.

In the rare patient for whom heparin use is
contraindicated (e.g., heparin-induced thrombocy-
topenia syndrome), then bivalirudin should be con-
sidered as an alternative (see Chap. 9). Although
its use has not been systematically studied in CAS,
its efficacy and safety is well known for coronary
artery stenting [3]. The intravenous dose of biva-
lirudin is 0.75 mg bolus per kg, followed by an
infusion of 1.75 mg kg~! h™! for the duration of the
procedure. In patients with significant renal impair-
ment a lower infusion dose should be used. If the
creatinine clearance is estimated to be less than
30 mL min~', the infusion rate should be reduced
to 1.0 mg kg™' h™!. For hemodialysis patients, the
infusion should be further reduced to 0.25 mg kg™!
h~! with no alteration to the bolus dose.

Angiography

Compared to other noncoronary vascular proce-
dures, carotid stenting is unique in the significant
and rapid hemodynamic changes that can occur
during the procedure (see Chap. 14). Endovascular
pressure on the carotid sinus initiates the cascade
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of brainstem reflexes that typically lead to hypo-
tension and bradycardia. For this reason constant
direct arterial pressure measurement is essential.
The preferred approach is a “closed-system” coro-
nary manifold system, consisting of three side arms
with an injection syringe at the end, in order to
minimize the chances of air embolism. The side
arms are the pressure manifold, the normal saline
line, and finally the contrast line. This system has
the advantage of continuous arterial pressure read-
ings from the catheter tip. If the catheter is against
the vessel wall, a dampened arterial waveform may
be seen, which should warn the operator to adjust
the catheter position and to perform cautious injec-
tion, thus minimizing the risk of vessel dissection.

Care to avoid the possibility of either air or
thrombus embolization is paramount to a success-
ful outcome. With each catheter exchange, any
potential air is suctioned off with a syringe and the
aspirated blood/air mix is discarded. The catheter
and extension tubing are connected using a fluid-to-
fluid technique, in which saline is slowly injected
from the manifold as the connection is made. Care
is taken not to mix blood and contrast within the
manifold as the combination can cause the forma-
tion of small thrombi. The risk of air embolization
is further minimized by holding the syringe at 45°
angulation with the tip pointing downwards to
encourage a bubble trap at the elevated end of the
syringe. Prior to any injection, the syringe is tapped
as slight negative pressure is applied to allow any
air bubbles to rise to the top.

The procedure commences with an arch aorto-
gram (see Chap. 10). An angled pigtail catheter
is advanced over a normal J-wire to the ascend-
ing aorta and placed ~3 cm proximal to the aortic
valve. The catheter is then hooked up to a pressure
injector ensuring no air bubbles are trapped at the
connection point. The field of view is maximized
by raising the table as high as possible and by
minimizing the distance between the patient and
the image intensifier. The patient’s head is gently
rotated to the right and extended. A digital sub-
traction arch aortogram is then obtained in the left
anterior oblique (45°) projection during a breath-
hold. A power injection of 30 mL of contrast is
typically administered at 15 mL s~! at 900 psi.

A careful anatomical assessment of the arch
is now made, paying particular attention to arch
angulation, great vessel take-off and tortuosity, and
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any anatomical variations. Aortic arch anatomy
guides the important decision on whether to use a
long sheath system (for easy or medium difficulty
arches — type I and II arches) or a guide catheter
system (difficult arches — type III, significant prox-
imal tortuosity, or sharp angulation of the takeoff
of the internal carotid artery from the common
carotid artery) (see Chap. 11).

Next, carotid angiography is done. We prefer
to carry out angiography of the side opposite that
of the index lesion, first, so that after subsequent
imaging of the index side, the catheter can then be
exchanged for an appropriate guide or sheath with-
out the need to re-engage the vessel (Fig. 12.1).

To engage the great vessels from the aortic arch,
the image intensifier is left in the 45° straight LAO
projection so that the previous arch aortogram may
be used for reference. For the majority of cases
a 5F JR4 can be successfully introduced into the
innominate or left common carotid arteries by
counter-clockwise torque. In particularly difficult
arches a reverse curved catheter such as a 5F Vitek
(Cook) can be used. This catheter is taken into the
descending aorta over a normal J wire. The wire is
then removed and the reverse angle is formed in the
descending aorta (with a simultaneous push/twist
maneuver). To engage the vessels, the catheter is

a

FiG. 12.1. Diagnostic catheters that are used in carotid
angiography and stenting. (a) The most commonly used
catheter is the JR4. (b) The angled Glide catheter can be
used in simple arches. (¢) The Vitek and (d) Simmons
are the reverse-angled catheters that are used in difficult
arches
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advanced and rotated clockwise into position. To
disengage a vessel, the catheter is advanced and
rotated counter-clockwise. For very difficult cases
(and often preferred by interventional radiologists)
a 5F Simmons catheter is used, with its secondary
shape most easily formed in the ascending aorta.
For this reason this catheter should not be used by
novices because of the risk of atheroembolization.

Once the vessel of choice is engaged with a 5F
catheter, the image intensifier is moved to a 30°
LAO projection. Ideally, the field of view will
incorporate the top of the aortic arch up to the
carotid bifurcation. A digital road-map picture is
acquired using ~8 mL of contrast. This road map
will then serve to guide the passage of a stiff angled
hydrophilic wire, e.g. the Glidewire (Terumo), into
the distal third of the common carotid artery. The
second operator has an important role in control-
ling the wire position at this point, by ensuring that
it does not either inadvertently cross the carotid
bifurcation or drift caudally, in which case wire
position may be lost during catheter manipulation.
The primary operator slowly advances the cath-
eter using careful counter-clockwise movements
to the level of the mid common carotid artery. In
difficult cases catheter advancement can be timed
with patient respiration to improve the chance of
success.

High-quality carotid and intracerebral angi-
ograms are necessary for planning and are manda-
tory for procedural success. For the left common
carotid artery, the intensifier is placed in a 30°
straight LAO projection with the image centered on
the mandible (the most common anatomical land-
mark for the carotid bifurcation). This is typically
the ideal angle for separating the origins of the
internal and external carotid arteries. The patient is
instructed “stop breathing now, don’t move, don’t
breathe, don’t swallow.” A digital subtraction angi-
ogram is obtained. Next, the intensifier is moved
to a full lateral position and a second angiogram is
obtained. If the carotid bifurcation is still not well
delineated then alternate views are obtained: pos-
teroanterior or contralateral obliques (30°-60°).

Intracerebral angiography is done as follows:
straight lateral digital subtraction angiogram of the
cranium and finally a posteroanterior projection
with ~15° of cranial angulation. For this view the
anterior and posterior saggital sutures are lined up
and the inferior orbital plate is lined up with the
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top of the ethmoid sinuses. The whole process is
similarly repeated for the right common carotid
artery, commencing with the 30° RAO projection,
followed by the straight lateral and finally the
intracerebral angiograms.

Guiding Catheter or Long Sheath?

The decision to use a guiding catheter (“guide
cath” or “guide”) or long sheath depends on the
aortic arch angulation and proximal great vessel
tortuosity. Typically for type I and II arches (see
Chaps. 6 and 10) a 6F 90-cm sheath such as the
Shuttle Sheath (Cook) is used (0.087-in. internal
lumen, 8F outer diameter). This system has the
advantages of a smooth transition between the
sheath tip and the integrated dilator. The disad-
vantage of this system is the inability to torque
the system and that it provides less support in
the setting of proximal common carotid artery
tortuosity. In type III arches, or cases where the
internal carotid artery has a sharply angulated
takeoff relative to the common carotid artery, an
8F 100-cm H1 guide cath (Cordis) should be used
(0.088-in. internal lumen). The guide’s secondary
curve provides support during counter-clockwise
rotation and advancement in a steeply angulated
arch. The primary curve allows for tip orientation
in difficult cases. The disadvantage of this system
is the possibility of atheromatous embolization as
the catheter is passed through the ostium of the
common carotid artery due to the absence of a
smooth transition with a dilator (Fig. 12.2).

Techniques
Telescoping Technique

For the majority of our cases a ‘“telescoping”
technique is used. A diagnostic catheter, typically
a 125-cm SF JR4, is inserted through a 6F 90-cm
Shuttle Sheath (after the dilator is removed in the
descending aorta) or 8F guide cath (Fig. 12.3).
Where the arch angulation is steep a 125-cm 5F
Vitek catheter is used instead. This system is
advanced as a unit over a standard J-wire which has
been positioned in the ascending aorta. Once the
diagnostic catheter portion of the “telescope” setup
has reached the aortic arch the J-wire is removed.
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FiG. 12.2. Guide catheters commonly used for carotid
stenting. (a) The H1 guide is most commonly used; note
the sharp primary curve and gentler secondary curve.
(b) The AL guide is used when only the ostium of the
common carotid artery is engaged (coronary approach).
(¢) The JR4 guide is less commonly used

The diagnostic catheter is used to engage the
common carotid artery. The image intensifier
is moved to the angle that best opened up the
carotid bifurcation, typically 30° ipsilateral to
the side of interest. A road map is taken with the
patient being instructed not to move the position
of the head. Care is taken to correctly identify the
internal and external carotid arteries, remember-
ing that the internal is typically posterior and
medial to the external carotid artery. At this point
a stiff angled Glidewire is carefully advanced
into the external carotid artery or one of its major
branches using a torquing device. The lingual
branch of the external carotid artery should be
carefully avoided as inadvertent wire-associated
perforation of this vessel has the potential for
causing rapid airways compression secondary to
a tongue hematoma; bear in mind that the patient
has been pretreated with a dual antiplatelet regime
and has had a bolus of heparin administered. If
the external carotid artery is occluded or heavily
diseased then the wire is left in the distal third of
the common carotid artery.

The SF catheter is then advanced to the mid com-
mon carotid artery for type I and II arches, or into
the external carotid artery if further support is needed
in a type III arch. The Glidewire and diagnostic
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a Dead-Ender
~ A
!
—
Stiff Angled 5Fr Diagnostic Tuohy-Borst 8Fr Guide or
Glide Wire Catheter apparatus 6Fr Long Sheath
b
8Fr Guide or

6Fr Long Sheath

5Fr Diagnostic
Catheter

Stiff Angled
Glide Wire

F1G. 12.3. The “telescoping technique.” (a) The back-end consists of a SF diagnostic catheter “telescoped” through
a Tuohy-Borst apparatus and an 8F guide/6F long sheath. (b) The top-end of this system with a stiff angled

Glidewire

catheter are held stationary as slow counter-clock-
wise rotation is used to advance the Shuttle Sheath
or 8F guide to the distal third of the common
carotid artery. When an adequate position has
been obtained, the wire and diagnostic catheter are
removed and the Tuohy-Borst valve is opened to
allow back-bleeding before establishment of pres-
surized heparinized saline flushing via the side-arm
of the guide/sheath.

Exchange Technique

The other common approach for advancing a
selected guide or sheath into the common carotid
artery as a follow-on from the diagnostic carotid
angiography is the “exchange technique.” While
the diagnostic catheter is still engaged in the
common carotid artery, a long stiff wire may be
introduced over which the guide or sheath can be
carefully exchanged. The ‘“telescoping method”
can also be used during any exchange, especially
when a guide will be used.

This technique requires the image intensifier to
be placed at 30° ipsilateral to the side of the lesion.
Under road-mapping techniques a stiff angled
Glidewire is advanced into the external carotid
artery or one of the major branches (excluding the
lingual artery). The diagnostic catheter is advanced
into the external carotid artery, just proximal to

the end of the wire and the Glidewire is slowly
removed, ensuring that no air is entrained into
the catheter. The catheter end is aspirated and an
exchange length 260-cm super-stiff Amplatz wire
(3-cm shapeable tip) with a preformed curve is
then slowly advanced up the catheter. Importantly,
the wire should never be pushed out of the catheter;
instead, it should be “unsheathed,” i.e., the catheter
withdrawn slightly as the wire is held stationary.
The patients are warned that they may experience
discomfort or tension in their jaw, ears, or nose
because of the presence of the stiff wire. The SF
catheter is then slowly removed under continuous
fluoroscopy to ensure that the stiff wire does not
migrate. After the catheter is removed the 5F short
sheath is also removed while the primary operator
maintains femoral hemostasis.

If a 90-cm-long sheath is to be used then it
is advanced over the stiff wire with its dilator
in place. Once the sheath is at the mid common
carotid artery level, the dilator is broken away and
the sheath advanced slowly to be ~2 cm proximal
to the bifurcation. The dilator and then the stiff
wire are carefully removed. Copious back-bleeding
is allowed so as to ensure that no debris remains
within the sheath system.

If an 8F guide is used then an 8F short sheath is
placed, followed by the 8F guide. To minimize the
risk of ostial great vessel dissection resulting from
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the relatively sharp “shoulders” of the bulky 8F
guide, a telescoping technique is used. The origi-
nal 125-cm 5F diagnostic catheter is “telescoped”
through the guide. The guide of choice is the 8F
100-cm H1 guide (Cook). This allows for a gentler
transition point from catheter to guide. The system
is then advanced over the stiff wire. The diagnostic
catheter is used to enter the common carotid artery
and is fixed at the mid common carotid artery. This
is carefully followed by the 8F guide. As the guide
reaches the distal third of the common carotid
artery, the wire and diagnostic catheter are slowly
removed. Back-bleeding is again allowed prior to
establishing continuous perfusion via a pressurized
bag of heparinized saline.

Direct Guide Approach

In particularly challenging cases, such as a severely
angulated arch where guide catheter advancement
into the common carotid artery is not possible, or
a bovine arch with the need to intervene on the
left carotid artery, a direct guide or “coronary”
approach may be used. For such cases an 8F AL1
guide is useful. The primary curve of the ALI
guide may be straightened using a sterile paper
clip and boiling water or a heat gun. The guide
is used to directly engage the ostium of the com-
mon carotid artery and perform the entire carotid
stent procedure with the guide catheter sitting
at the origin of the common carotid artery. To
obtain extra support during the procedure, a stiff
0.014-in. coronary wire, such as an Asahi Grand
Slam (Abbott Vascular) or Balance Heavyweight
(Abbott Vascular), is carefully passed into the
external carotid artery. This support wire is left in
place until the stent is in position, and is moved to
the mid common carotid artery just prior to stent
deployment.

Wiring/Embolic Protection Device

The shape of the tip of the wire/emboli protection
device is critical for successful lesion-crossing. For
ease of passage of the wire from a large lumen ves-
sel into a diseased and narrow vessel (as typically
occurs from the common carotid artery into internal
carotid artery), a double-angled tip is formed. The
primary tip is formed at 45° with its length being
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approximately that of the width of the minimum
lumen diameter of the internal carotid artery at the
point of the lesion. The secondary bend is similarly
at 45° with its length approximately equal to the
width of the common carotid artery (Fig. 12.4).
This configuration allows for the secondary bend
to provide support in the common carotid artery
with fine movements allowing the primary bend to
negotiate the diseased internal carotid artery.

An important skill in CAS is the ability to accu-
rately size the necessary equipment. The most reli-
able way to do this is by calibrated angiography.
First, the operator must select an appropriate width
of the embolic protection device (EPD), by meas-
uring the distal internal carotid artery, beyond the
lesion, at the “landing zone” of the distal protection
device. If the EPD is undersized then insufficient
wall apposition will occur and the potential arises
for debris to flow around the edges of the EPD. If
the EPD is oversized it is unlikely to have fully
deployed and again gaps may occur between it
and the vessel wall. The typical patient will have
a 4-6-mm-wide prepetrous internal carotid artery.
In large males a 7-mm EPD may be likely, and
conversely, in small females a <4-mm EPD may
occasionally be necessary.

EPDs such as the Angioguard (Cordis) are pre-
packaged with a single peel-away introducer. This
allows for the wire tip to be passed into the guide
without damaging the flexible wire tip by passage
through the Tuohy-Borst apparatus. If the intro-
ducer is peeled before the wire successfully passes
the lesion and the wire needs to be removed for the
purposes of reshaping, then reintroduction can be
difficult. In this situation a makeshift introducer
needs to be fashioned. For this a 5F short sheath is

FiG. 12.4. The typical shape formed on the distal end
of the wire/emboli protection device. The length “A”
approximates the minimal lumen diameter of the lesion.
The length “B” is equivalent to the width of the common
carotid artery at its distal bifurcation
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used without its dilator. The hemostatic valve por-
tion of the sheath is cut and discarded. The remain-
ing segment of sheath is then cut in a straight
longitudinal line from end to end. This allows for
the EPD to be reintroduced safely without damage
to the distal end. Once it is passed, the longitudinal
cut allows for the newly designed introducer to
be removed. Alternatively, a separate individually
packed funnel introducer such as that available
from Abbott Vascular can be used.

Predilatation

The aim of balloon dilatation is to allow for the
easy passage of the relatively high-profile and stiff
stent-delivery system. This involves a measure of
judgment, as use of too small a balloon may make
no appreciable difference to the lumen, whereas an
oversized balloon is known to increase the risk of
atheroembolism. For the majority of cases a 0.014-
in. monorail 4.0/20 coronary balloon, such as a
Voyager (Abbott Vascular) or Maverick (Boston
Scientific), is adequate for this task.

The low-profile monorail balloons should be
meticulously prepared before loading onto the wire
to minimize the possibility of air embolism result-
ing from balloon rupture. Although admittedly
relatively rare, balloon rupture in the carotid artery
would carry a much heavier penalty than such a
complication in the iliac or superficial femoral
artery. A three-way tap is placed at the end of the
balloon. A luerlock syringe with 70% saline/30%
contrast is used to trickle fluid onto the side arm
of the three-way tap. The syringe is attached with
the nozzle pointing downward. Negative suction
is applied and the syringe is then gently tapped,
allowing the space within the hypotube to be
replaced by the fluid mixture. The three-way tap is
then closed to air while negative suction is applied
to keep the distal balloon end well deflated. A
typical dilatation pressure of 6-10 atm. for §-10
s is used.

Stent Placement

The aim of stent placement is to cover the index
lesion — ideally from angiographically normal
vessel at both the cranial and caudal ends. Carotid
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disease commonly involves the carotid bifurca-
tion, commencing at the distal end of the common
carotid artery. In the majority of cases when a stent
is placed it will extend from the internal carotid
into the distal common carotid artery, thus covering
the ostium of the external carotid artery. Current
nitinol-based carotid stents are typically between
20 and 40 mm in length, with the 30-mm ones
being the most commonly used.

Before stent placement, attention should be
turned to the ostium of the external carotid artery.
If it is heavily diseased, stent placement over its
ostium with ensuing post-stent balloon dilatation
could cause sufficient plaque prolapse into this
vessel to cause its occlusion. This can theoreti-
cally cause the clinical problem of jaw and tongue
claudication. In clinical practice though, if the
contralateral external carotid is widely patent, the
presence of extensive collateral channels makes
it unlikely that occlusion of the ipsilateral exter-
nal carotid will result in significant ischemia and
Ssymptoms.

An indicator of carotid bulb sensitivity is pro-
vided by predilatation. If there is significant brady-
cardia or hypotension noted then a much more
exaggerated response is likely to occur following
stent deployment and post-stent balloon dilatation.
In these cases a bolus of 200 mL of fluid is given
and 0.5 mg atropine administered before the stent
deployment.

The choice of stent width should be based on
the ICA and not on the CCA width. The stent may
be either tapered and allow for a natural grada-
tion in width from the common carotid to the
internal carotid arteries, such as Acculink (Abbott
Vascular), or nontapered, e.g. Precise (Cordis).
Because nitinol stents continue to expand in size
over a number of weeks, the distal end of the stent
is typically oversized by 1 mm. As an example in
a 6-mm internal carotid artery, a 7.0/30 Precise
stent or a tapered 7.0-10.0/30 Acculink would be
deployed. This allows for the slowly expanding
stent to counteract the neointimal hyperplasia that
ensues.

When the stent is passed into the distal end of the
guide or sheath, road-mapping and digital subtrac-
tion angiography are disabled. Instead, high frame
rate cine (typically 12.5 frames per second) is then
used and a cine run is obtained to show the carotid
lesion. At this point boney vertebral landmarks must
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be selected and used as mental markers for the
ideal distal and proximal ends of the stent. Taking
careful note of the desired location, the stent is then
passed just distal to the desired position and then
pulled back. In doing this, the transmitted forces
within the stent system are diffused, and as the
stent is unsheathed, it is unlikely to jump forward.
Stent deployment should be carried out carefully
and slowly. As the first stent struts are deployed it
is still possible to gently pull the stent mechanism
backwards, before any further stent is opened, if
the position is not considered ideal. Note that once
stent deployment has commenced, however, it can
no longer be advanced and its placement is com-
mitted.

In the event that the stent cannot be passed
despite balloon predilatation of the lesion, there
are a number of techniques that can be utilized. In
order of preference these include first altering the
geometry of the lesion by moving the neck — such
as contralateral rotation or head extension. Often
this is all that is needed to allow the passage of the
stent. If this is unsuccessful then further predilata-
tion can be done with a balloon 0.5 mm greater
in diameter than initially used. Alternatively, a
“buddy wire” can be used alongside the filter wire
which can help to further straighten the angle
between the common carotid artery and the inter-
nal carotid artery. For this purpose a heavy-bodied
0.014-in. coronary wire, such as an Asahi Grand
Slam (Abbott Vascular) or Balance Heavyweight
(Abbott Vascular), can be used. In particularly dif-
ficult situations, and as a last resort, an assistant
places firm digital pressure just below the angle
of the mandible, again altering the local geometry
while attempting to pass the stent. Adequate col-
limation of the X-ray beam will ensure that the
assistant’s hands are not directly irradiated.

Post-Stent Dilatation

Post-stent dilatation is routinely used to ensure
adequate stent-wall apposition. It is also the seg-
ment of the procedure with the highest risk of
plaque embolization. For post-stent deployment
balloon dilatation a 0.014-in. monorail peripheral
balloon such as a Viatrac (Guidant) or Aviator
(Cordis) is used. Typically, this balloon is 1.5 mm
narrower than the deployed stent width. It should
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also be shorter than the stent if possible so that
the balloon dilatation occurs only within stented
segment and does not damage uncovered native
intima, thereby minimizing the risk of restenosis.
The patients are warned that they may feel an
uncomfortable pressure in their neck. For this
purpose a balloon pressure of 6-8 atm. is often
used typically for 10-15 s. To reduce the risk of
embolization during postdilatation, lower inflation
pressures are deliberately used and balloon defla-
tion is done gradually. A residual stenosis of 20%
after dilatation is generally acceptable.

Retrieval Catheter

When postdilatation has been carried out and
angiography reveals a satisfactory result, the EPD
needs to be retrieved. It is not uncommon when the
EPD retrieval sheath is passed for it to catch on the
proximal edge of the stent struts. It is imperative if
this occurs that attempts are not made to force the
retrieval catheter forward. This may result in the
EPD being dragged proximally while still open and
potentially lead to the expulsion of captured debris.
Excessive force can also cause the retrieval catheter
to raise stent struts.

Instead, it is best to attempt movement of the
patient’s head and neck — for example, contralat-
eral rotation, or head extension so that the angula-
tion of the EPD wire is sufficiently altered as to
allow smooth passage of the catheter. If a guiding
catheter has been used, it can be torqued to alter
the distal orientation. Alternatively, some retrieval
catheters can be removed and the tip fashioned
into a gentle curve using your fingers. This curve
may be all that is necessary to successfully negoti-
ate any stent struts that are impeding passage. If
such maneuvers are unsuccessful then the catheter
can be withdrawn 10 mm proximal to the stent
struts and as the catheter is advanced the EPD
wire is gently pulled backwards. Performing these
two maneuvers simultaneously often allows the
retrieval catheter to smoothly cross stent struts.

The retrieval catheter should then be gently
advanced towards the EPD under fluoroscopic
guidance. As the proximal end of the EPD is
approached, extra care is taken as the EPD is kept
in position and the sheath slowly advanced over
it, causing the EPD to collapse. Once this has
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occurred, the sheath and EPD wire are slowly with-
drawn as a single unit. During this process firm
negative traction is placed on the wire, relative to
the capture sheath so as to ensure that as the EPD
is removed it does not accidentally open, releasing
its debris. After the EPD is withdrawn the Tuohy-
Borst is allowed to freely back-bleed to remove any
particulate matter that may be within the guiding
catheter or sheath. Final carotid and cerebral angi-
ography is now done to assess the final result and
to exclude any distal embolization.

Postprocedural Management

After ensuring adequate vascular access site hemos-
tasis, all patients are transferred to our step-down
telemetry unit for monitoring. They are prescribed
bed rest until the following morning. All patients
are reviewed by a staff neurologist the following
day for an objective assessment of neurological
status, including the National Institutes of Health
Stroke Scale.

The typical antiplatelet regimen after carotid
stenting consists of 300 mg aspirin daily for 30
days, followed by 100-300 mg per day lifelong
(see Chap. 9). For the first month we also treat
with clopidogrel (75 mg per day). If there are
no other indications for continuing clopidogrel
therapy, such as drug-coated cardiac stents, the
drug is ceased at 30 days as stent endotheli-
alization is likely to have occurred. For patients
with an indication for warfarin therapy a typical
regimen consists of warfarin, aiming for an INR
of 2.0-2.5, 100 mg aspirin per day lifelong, and
75 mg clopidogrel per day for 1 month only. If the
patient has a need for high INR levels, such as for
mechanical valves or recurrent pulmonary emboli,
then the treating cardiologist or physician should
be consulted prior to the procedure. In the rare
circumstance where a patient has a proven allergy
to clopidogrel, then 250 mg ticlopidine twice daily
is used in lieu of clopidogrel.

In the majority of cases the issues of hypotension
associated with CAS are resolved by the end of the
procedure. In the infrequent patient who continues
to have significant symptomatic hypotension (<90
mmHg systolic) then a low dose dopamine infusion
(5.0 pg kg ~'min~") may be used overnight (see
Chap. 14). Furthermore, oral pseudoephedrine up
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to 60 mg every 4-6 h may provide useful pressor
support until the blood pressure has stabilized.

A potentially devastating postprocedural com-
plication is that of the hyperfusion syndrome
(HPS) in which chronic low flow distal to a severe
carotid artery stenosis results in an autoregula-
tory disturbance of the cerebral vascular bed in
which the maximally dilated distal vessels fail to
increase vascular resistance with increased blood
flow after revascularization. This increased and
uncontrolled cerebral blood flow after revascu-
larization can lead to intracranial hemorrhage
(ICH). Postrevascularization HPS has been well
described in the carotid endarterectomy litera-
ture [4] and typically occurs between the third
and fifth days after revascularization [5]. Abou-
Chebl and colleagues [6] recently described the
incidence of HPS in a cohort of 450 patients
undergoing carotid stenting to be 0.44%, with the
incidence of intracranial hemorrhage as 0.67%
(combined incidence, 1.1%). Intracranial hem-
orrhage was uniformly associated with a poor
clinical outcome. HPS is heralded by the presence
of a throbbing frontal, temporal, or retroorbital
headache on the same side as the treated vessel.
It may progress to focal seizure activity or focal
neurological deficits. Untreated, it can progress to
frank intracerebral hemorrhage. Clinical factors
associated with HPS include high-grade contralat-
eral stenosis or obstruction, critical stenosis of the
treated lesion, and hypertension [5].

To minimize this risk, all patients after CAS
will have their systolic blood pressure aggressively
controlled in hospital. The primary class of choice
for this indication is beta-blockade, and we will
commonly prescribe either boluses of metoprolol
or labetalol or infusions of these medications. If
beta-blockers are not tolerated by the patient we
will then typically use a nitroglycerine infusion
acknowledging that this agent may precipitate a
headache which can then make an assessment of
the HPS difficult. Agents that can paradoxically
increase cerebral flow, such as hydralazine, must
be avoided. After discharge all patients are man-
dated to obtain a home blood pressure recording
device to check their blood pressures twice daily
for a duration of 4 weeks. With two consecutively
elevated readings (typically 140/90) patients con-
tact the interventionalist to adjust blood pressure
medications as necessary.
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Conclusion

Carotid stenting requires advanced catheter and
wiring skills. It is inherently different from the
typical coronary and peripheral interventions. The
operator must be initially competent to carry
out complete carotid and cerebral angiography.
The critical component of this procedure is the
appreciation of the aortic arch and its inherent
complexities. This allows for the proper selection
of equipment to maximize the chances of suc-
cess and minimize the length of the procedure.
Operators must be able to perform the telescoping
and exchange techniques as they are commonly
utilized. The use of EPDs needs to be mastered to
minimize the devastating risk of stroke. Finally, a
number of mental algorithms must be present to
deal with the various technical issues that invari-
ably arise during the carotid case.

Key Points

e Adequately trained support staff is vital for pro-

cedural success.

It is vital to avoid both the entrainment of micro

air emboli during the procedure and micro-

thrombi within sheaths and equipment.

— A “closed-system” coronary manifold system,
comprising three side arms with an injection
syringe at the end, will mitigate microemboli of
particulate and gaseous nature.

— A fluid-to-fluid interface must be maintained at
each injection of heparinized saline or contrast
in order to prevent embolization.

— Syringes must be held at a 45° angle to further
reduce the risk of air embolism.

—Pre- and postdilatation balloons should be care-
fully prepared in order to minimize the risk of
air embolism should they burst on inflation.

For lesion-crossing with the 0.014-in. wire inte-
gral to many distal protection systems a double-
angled tip is formed manually in order to negotiate

a lesion commonly sited between a relatively large

vessel (CCA) and a narrow diseased vessel (ICA).
Lesion-crossing should be carried out in a “no

touch” fashion wherever possible, preferably using
the “road-map” function.
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Ideal stent positioning (after initial placement by
road-mapping) may be achieved by contrast injec-
tions and utilization of bony landmarks.

If there is difficulty advancing the stent, the
patient can help by changing the neck/jaw posi-
tion, or a “buddy” wire (0.014 in.) can be passed
alongside the “working” 0.014-in. wire in order to
straighten out any curvature in the path.

Enthusiastic postdilation should be avoided; a
pressure of 6 atm. should be sufficient with care
taken to deflate the balloons in a gradual rather
than sudden fashion to avoid promoting plaque
fracture.

In the event that the retrieval catheter of the
delivery system will not pass beyond the trailing
stent struts of the stent, patient neck movement
may sufficiently alter the geometry as to allow the
catheter to pass.
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Embolic Containment Devices
and How to Avoid Disaster

Alberto Cremonesi, Giancarlo Biamino, Armando Liso, Shane Gieowarsingh,

and Fausto Castriota

Introduction

Carotid artery stenting (CAS) is emerging as an
alternative therapy to surgical carotid endarter-
ectomy (CEA) for the treatment of extracranial
carotid stenosis [1-3]. The common goal of both
procedures is the prevention of stroke, and the
efficacy of the procedure depends highly on the
periprocedural complication rates. Despite the
routine application of stents, advanced stenting
techniques, and dual antiplatelet therapy, emboli-
zation of debris into the cerebral circulation occurs
invariably during CAS. Obstructive carotid artery
lesions are known to contain friable, ulcerated, and
thrombotic material [4] that can embolize during
the intervention, as shown in histopathologic anal-
ysis in both ex vivo [5] and in vivo [6] studies, and
also demonstrated in transcranial Doppler studies.
In addition, it has been shown that microemboliza-
tion occurs considerably more frequently during
CAS than during CEA [7].

To minimize the risk of embolic neurological
events, a number of neuroprotection strategies
have been introduced into the carotid stenting
procedure. A reduction of the Doppler-defined
embolic load by means of a protection device has
been shown [8]; and preliminary results indicate
that with the refinement of stenting techniques
and the increasing experience of the intervention-
ist, along with the routine use of cerebral protec-
tion devices, the results of CAS are comparable
with those of the best surgical series [3, 9, 10].
Histopathologic analysis of the debris collected

using various protection systems has demonstrated
that this debris comprises fragments of the athero-
matous plaque dislodged during carotid stenting
[6]. According to the size, embolic particles can
be classified as either macroemboli (>100 pm) or
microemboli (<100 wm). Macroemboli, especially
those >200 pum, are usually associated with clini-
cally evident neurological damage ranging from
transient ischemic attack (TIA) to major stroke. On
the contrary, the effects of microembolization are
not well known and may include subtle changes
in neurocognitive function rather than motor or
sensory manifestations.

Protected Carotid Stenting:
Clinical Results

At the moment there is no randomized clinical
trial comparing the efficacy of protected with
unprotected CAS, and it is difficult to imagine that
such a randomized controlled study will ever be
conducted on a sufficient number of patients. The
published data regarding cerebral protection during
CAS indicate some interesting points:

e Visible debris, mainly represented by athero-
matous plaque material, was observed in 60% of
cases of filter-protected CAS by Sprouse et al.
[11] and in 66.8% by our group [12], with parti-
cles >2 mm in 9% of cases.

* In the German registry, the use of an embolic pro-
tection device was associated with a significantly
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lower rate of ipsilateral stroke (1.7% vs. 4.1%;
P =0.007) [13].

* We have reported a 79% reduction in the rate of
embolic complications with the use of cerebral
protection [14].

¢ In the early phase of the EVA-3S study, unpro-
tected CAS was associated with a 3.9 times
higher stroke rate at 30 days, compared with the
rate associated with CAS done under cerebral
protection [15].

e A 2003 review of the global carotid artery stent
registry found that the rates of stroke and death
were 5.2% for unprotected CAS and 2.2% for
protected CAS [16].

Kastrup et al. [9], in a systematic review of the
literature regarding the early outcome of CAS with
and without cerebral protection devices, analyzed
studies published between January 1990 and June
2002 by means of a PubMed search and a cumula-
tive review of reference lists of all relevant pub-
lications. In 2,357 patients a total of 2,537 CAS
procedures were done without protection devices,
and in 839 patients 896 CAS procedures were done
with protection devices. Both groups were similar
in age, sex distribution, cerebrovascular risk fac-
tors, and indications for CAS. The combined stroke
and death rate within 30 days in both symptomatic
and asymptomatic patients was 1.8% in patients
treated with cerebral protection devices, compared
with 5.5% in patients treated without cerebral pro-
tection devices (y*> = 19.7, P < 0.001). This effect
was mainly due to a decrease in the occurrence of
minor strokes (3.7% without cerebral protection
vs. 0.5% with cerebral protection; y> = 22.4, P <
0.001) and major strokes (1.1% without cerebral
protection vs. 0.3% with cerebral protection; x>
=43, P <0.05), whereas death rates were almost
identical (~0.8%; x* = 0.3, P = 0.6). On the basis
of this analysis of single-center studies, the con-
clusion must be that the use of cerebral protection
devices appears to reduce thromboembolic compli-
cations during CAS.

Distal Protection Devices

Distal protection devices work by interrupting or
filtering blood flow in the internal carotid artery
(ICA). They are placed beyond the carotid lesion in a
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straight portion of the carotid artery (“landing zone™).
The first protection system widely used was the distal
occlusion balloon. Nowadays, filter-type devices are
more commonly used (up to 90% of cases).

Filter neuroprotection systems are able to entrap
embolic debris from medium to large size, i.e.,
particles more than 100 um in diameter. Filter
performances are related to “crossing profile” and
“capturing capability.”

The crossing profile is an important technical
characteristic related to the fact that the wire and
the filter, constrained in the delivery system, must
pass the embologenic lesion without detaching
atheromatous plaque. The capturing capability of
the filter is related to the amount of embolic load,
produced during the procedure, which can be actu-
ally captured and removed. This technical perform-
ance is strictly related to both filter wall apposition
and membrane pore size.

Characteristics of Principal Distal
Neuroprotection Systems

Percusurge GuardWire

The best-known distal occlusion device is the
Percusurge GuardWire (Medtronic), which con-
sists of a simple balloon mounted on a 0.014-in.
wire. The advantage of this device is mostly related
to its low crossing profile (0.036 in.).

Wire-Mounted Filters

Angioguard XP

The Angioguard XP filter (Cordis) consists of a
polyurethane concentric filter affixed to a guidewire
with a soft atraumatic tip. The filter is kept open by
a cage of eight nitinol struts. The pore size of the fil-
ter is 100 um, and the system has a crossing profile
between 3.2 and 3.9F. The filter is available in dif-
ferent sizes ranging from 4 to 7 mm in diameter.

FilterWire EZ

The FilterWire EZ (Boston Scientific) is an eccen-
tric polyurethane filter with a proximal radiopaque
nitinol loop. The pore size of the filter is 110 pm
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and the crossing profile of the delivery system is
3.2F. The proximal loop can fit all arteries between
3.5 and 5.5 mm in diameter.

RX Accunet

The RX Accunet (Abbott Vascular) is a concentric
polyurethane filter which achieves vessel wall
apposition by a stent-like nitinol structure. Embolic
debris is captured by the membrane, which has a
pore size of 125 pum. The filter is available in four
sizes: 4.5, 5.5, 6.5, and 7.5 mm. The crossing pro-
files range between 3.5 and 3.7F.

Bare-Wire Filter Systems

Emboshield Pro

The Emboshield Pro (Abbott Vascular) is a nylon
membrane concentric filter (120 wm pore size). The
nylon membrane is treated by a hydrophilic coating
with antithrombogenic properties (low absorption of
plasma proteins and reduced platelet activation).

Emboshield Pro is a bare wire system, which
means that the lesion is crossed by a high-quality
0.014-in. guidewire and the filter subsequently
loaded. The wire, which is packaged with the filter,
has a 0.018-in. bead 3 cm down from the platinum
tip of the wire. The filter is 0.014 in. compatible,
and the 0.018-in. bead serves to prevent the filter
from migrating off the end of the wire and into the
cerebral circulation. Clearly, therefore, it is vitally
important to use the wire that is packaged with the
filter and not just any 0.014-in. wire available. The
system is 6F sheath compatible.

The filter is available in two sizes:

e Small — 2.5-4.8 mm vessel diameter
e Large — 4.0-7.0 mm vessel diameter

The crossing profiles for the small and the large
devices are 2.8F and 3.2F respectively. This is the
only filter system that allows the operator to leave
the 0.014-in. wire across the lesion after removal
of the filter.

Spider (ev3)

The Spider filter is characterized by a windsock-
like nitinol mesh basket, with variable pore size
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from the proximal end up to the distal tip. The filter
captures debris as small as 50 pum.

The Spider system differs from the other dis-
tal filters in that the lesion can be crossed with
any 0.014-in. guidewire of the operator’s choice.
After lesion-crossing, the 2.9F delivery catheter
is advanced over the 0.014-in. wire distal to the
lesion. The initial 0.014-in. guidewire can be
removed and the Spider basket is advanced and
released at the landing zone. The system then
becomes a standard wire-mounted system and the
filter must be removed with the guidewire at com-
pletion of the CAS procedure. The crossing profile
of the delivery system is 2.9F for the entire range
of filter sizes (3—7 mm).

Distal Filters: Comparative
Outcomes

A recent retrospective analysis [17] was carried out
on 701 patients who underwent carotid angioplasty
and stenting under cerebral protection. The study
was conducted to identify patient and procedural
parameters, including type of distal filters, that
negatively impact the 30-day rates for stroke,
death, and transient ischemic attack (TIA) after
CAS. In this investigation of a dual-center CAS
database, a subset of patient-related, lesion-related,
or procedure-related variables (age > 80, left-sided
lesion, symptomatic, nicotine abuse, hypertension,
diabetes mellitus, other peripheral vascular disease,
hypercholesterolemia, embolic protection devices
usage, predilation, ulcerated lesion, echolucent
plaque, restenosis after surgery) were analyzed
for association with occurrence of stroke, death,
or TIA <30 days after CAS. In terms of distal
filters, eccentric devices such as FilterWire EX/
EZ (62.8% of cases) and SpiderFX/SpiderRX
(11.4% of cases) were compared with concentric
filters such as Angioguard XP (10.6% of cases)
and Emboshield (3.9% of cases). Subgroup analy-
sis of the 304 symptomatic patients (43%) showed
that open-cell stent designs and concentric EPD
designs yielded an OR of 4.1 (95% CI, 1.4-12;
P = 0.0136) and 3.3 (95% CI, 1.016-10;
P = 0.0525), respectively, for 30-day stroke/death/
TIA within this database. Analysis of open-cell
stent designs and concentric EPD designs in patients
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with echolucent lesions yielded an OR of 3.1 (95%
CI, 1.2-8.2; P = 0.0343) and 3.7 (95% CI, 1.3-10;
P =0.0174), respectively, for 30-day stroke/death/
TIA. The authors concluded that, particularly in
symptomatic patients or those with echolucent
lesions, the combination of closed-cell design stents
and eccentric filters seems superior. Nevertheless,
it is important to highlight some important limi-
tations of this study, including the retrospective
nature of the analysis, the voluntary data submis-
sion, self-audit, and the increased operator experi-
ence with eccentric filters than concentric ones.

Limitations of Distal Protection
Devices

Distal occlusion devices are limited by the fact
that lesion-crossing is unprotected, and, despite
being able to block microemboli by occluding the
ICA, can lead to cerebral embolization through
collaterals from the external carotid to the mid-
dle cerebral artery (retinal and cerebral infarcts
through large periorbital and occipital collaterals
have been reported) [8, 18]. Moreover, about 5-8%
of patients develop intolerance due to this form of
“endovascular clamping” [19].
Filter-type devices also have some drawbacks:

* They are not effective in trapping microemboli,
since the pore size ranges from 100 to 140 pm.

* The lesion must be crossed by the wire and the
filter before deployment, with the risk of unop-
posed embolization, especially in tight lesions.

* Even macroemboli may pass in the case of
incomplete vessel wall apposition (tortuous land-
ing zone or large artery).

* Emboli that were originally captured may be dis-
lodged during the retrieval of filters (squeezing
effect — like squeezing toothpaste out of a tube).

Finally, both distal filters and balloons may be
an embolic source themselves, because of inti-
mal damage at the level of the ICA landing zone
[20]. In some studies using transcranial Doppler,
the use of distal filters was even associated
with a greater microembolization (Micro Embolic
Signal count), compared with unprotected stent-
ing, although this did not translate into a clinically
evident difference [21].
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Proximal Protection Devices

Proximal protection devices work by interrupting
or reversing blood flow in the ICA. Compared
with filters, they offer the advantage of pro-
tected lesion-crossing, use of the guidewire of the
operator’s choice, and capture of both macro- and
microemboli irrespective of size. Moreover, it is
not necessary to navigate any part of the device
in the distal ICA, thus reducing the risk of intimal
damage, spasm, or dissection. Currently, there are
two such devices available: the neuroprotection
system (NPS, Gore), which is derived from the
Parodi antiembolic system (PAES, ArteriA), and
the Mo.Ma system (Invatec).

Neuroprotection System

This system allows complete arrest of ICA flow,
continuous passive ICA flow reversal plus/minus
augmented active ICA flow reversal. This is
achieved by endovascular clamping of the com-
mon carotid artery, by inflating an elastomeric
balloon located at the tip of a 9F sheath (the “bal-
loon catheter”), and of the external carotid artery,
by inflating an independent elastomeric balloon
on a 0.014-in. wire (the “balloon wire”) which is
advanced through the sheath. At this point there is
flow arrest in the ICA to be treated. Once the back
of the “balloon-sheath” is connected to a 6F sheath
in the contralateral femoral vein via an interposed
extracorporeal filter, there is reversed flow in the
ICA to be treated, driven by cerebral backpressure
(passive flow) or actively aspirated by a syringe.

The extracorporeal filter has pores of 180 um
and this collects debris before the blood reenters the
venous system, in order to avoid the risk of paradox-
ical embolism in case of a patent foramen ovale.

Once the system is working, the lesion can be
crossed with a guidewire under protection and
angiographic guidance, since the contrast medium
is cleared by backflow; then, conventional stenting
and postdilatation are carried out. After each stage
of the procedure, particularly those associated with
the greatest risk of embolization, 10 mL of blood
is actively, but gently, aspirated; then the balloons
are deflated while active aspiration is applied to
retrieve any particle contiguous to the balloon
occluder in the common carotid artery.
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Mo.Ma

The Mo.Ma system consists of a 100-cm, 8-9F
catheter with a 5-6F working channel and two
distal, independently inflatable balloons placed at
a distance of 7.2 cm. The distal balloon occludes
the external carotid artery up to a diameter of 6
mm, whereas the proximal balloon occludes the
common carotid artery up to a diameter of 13
mm, achieving a static blood column at the carotid
bifurcation. At this point the stenting procedure
can be done by crossing the lesion under protection
with the selected materials; after postdilatation, at
least three 20-mL syringes of blood are actively
aspirated and checked for debris before deflating
the balloons.

Proximal Protection During CAS:
Clinical Outcomes

Most of the clinical data on the NPS were obtained
with the first version, i.e. the PAES. In the first
series of 100 patients reported by Parodi in 2001,
no embolic stroke was observed, but clamping
intolerance occurred in 8% [22]. Other small, non-
randomized studies confirmed the efficacy of PAES
in preventing embolic complications [23, 24]. In
2005, Parodi reported on the first 200 patients
treated; in this series, the technical success rate
was 98.5%, the 30-day stroke and death rate was
1.5%, and perioperative clamping intolerance was
observed in six patients (3%) [25]. The first clinical
experience with the Mo.Ma system was reported
by Diederich et al. [26], wherein 42 patients were
treated (26.2% with symptomatic carotid artery
disease), with an overall technical success of
97.6%. Mean clamping time was 10.6 £ 6.5 min,
and transient clamping intolerance occurred in
12% of patients. Macroscopic debris was collected
in 76.1% of cases. Two patients had neurological
deficits that lasted 2 and 12 h respectively, and two
other patients (4.7%) had a minor stroke.

In the PRIAMUS multicenter registry [27], 416
patients (63.4% with symptomatic carotid artery
disease) underwent CAS with the Mo.Ma device.
Technical success was achieved in 99% of cases.
Mean clamping time was 4.91 + 1.1 min, and tran-
sient clamping intolerance was observed in 5.76%,
whereas macroscopic debris was retrieved in about
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60% of patients. At 30-day follow-up, the cumula-
tive incidence of adverse events was 4.56%, with a
0.72% rate of major strokes and deaths.

The efficacy of the Mo.Ma device in preventing
microembolization was assessed in a comparative
study with a distal filter (E.P.I. FilterWire, Boston
Scientific) by detecting microembolic signals with
transcranial Doppler during the CAS procedure
[28]. The Authors identified five different proce-
dural steps:

1. Positioning of the protection system
2. Passage of the stenosis

3. Stent deployment

4. Balloon dilatation

5. Retrieval of the protection system

The number of MES was significantly lower
in steps 2—4 with the Mo.Ma, compared with the
filter, whereas no significant differences were
observed during the first and last phases. MES
detection is a surrogate marker of cerebral micro-
embolization which can be hampered by technical
limitations, such as the inability to differentiate
between solid and gaseous emboli [29]; neverthe-
less, the association of a high MES count with
neurological complications was established in the
Antonius CAS registry [9].

Limitations of Proximal Protection
Devices

The drawbacks of proximal protection devices
include their large size, the occurrence of clamping
intolerance, and the fact that they cannot be used in
patients with severe disease of the external or of the
common carotid artery, although contralateral ICA
occlusion is not necessarily a contraindication.
The need for large femoral sheaths may preclude
the insertion of the devices in patients with severe
peripheral arterial disease and could theoretically
be associated with an increase in vascular access
site complications. Yet, with the first version of
the Mo.Ma device, requiring a 10F femoral sheath,
in the PRIAMUS registry [13] the rate of local
complications was 4.08%, none of which required
surgical repair or blood transfusions. Higher com-
plication rates were reported by Rabe et al. [30]
with the PAES, but given the current availability of
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9F size for both the Mo.Ma and the NPS device,
it is reasonable to expect a lower rate of clinically
significant access site complications in the future.
Clamping intolerance may occur in a portion
of patients (up to 8%) following interruption of
cerebral perfusion during the intervention and
is generally associated with severe contralateral
disease or poorly developed cerebral collateral
circulation. An intraprocedural parameter predic-
tive of tolerance is represented by a backpressure
>30 mmHg. Another key factor is overall clamping
time, which has progressively shortened with the
increased experience of operators (from 10 min in
the study of Diederich et al. [26] to 5 min in the
PRIAMUS registry [27], with a parallel decline in
the rate of clamping intolerance from 12% to about
6% [11, 31]. The same holds true for the PAES/
NPS device, since the rate of clamping intolerance
dropped from 8% in 2001 to 3% in 2005. However,
the occurrence of clamping intolerance does not
represent an absolute contraindication for continu-
ing the procedure. Indeed, three strategies can be
adopted: timely completion of the procedure, in
order to restore perfusion as soon as possible;
positioning under protection through flow reversal/
arrest a distal filter and then deflating the balloons
and allowing antegrade perfusion (‘“seat-belt and
air-bag” technique) [32]; and performing intermit-
tent flow reversal/flow arrest in which the balloons
are inflated and deflated at each procedural step.
Finally, for both proximal protection devices two
potential drawbacks have to be considered:

1) A nonocclusive balloon or a sizeable superior
thyroid artery originating proximal to the ECA
balloon may lead to continuous antegrade flow
in the target vessel during clamping.

2) Atthe end of the procedure, the balloon in the ECA,
usually “jailed” by the stent, must be removed and,
at least theoretically, might be entrapped in the
struts of an open-cell geometry stent.

When to Use Proximal or Distal
Protection in CAS

At the current time large clinical studies comparing
proximal with distal protection are lacking, and so
device selection is quite empirical. In challenging
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anatomies, with angulated ICA-CCA takeoff and/
or lack of a suitable ICA landing zone for dis-
tal protection, the use of proximal protection is
strongly recommended. The same holds true for
lesions with high embolic risk, since proximal
protection devices seem to be more effective than
filters in avoiding distal embolization, especially
in the procedural steps at higher risk, irrespective
of debris size. Therefore, noninvasive characteriza-
tion of the carotid plaque in order to quantify its
embolic potential (“vulnerable plaque”) represents
a very important issue when planning the CAS pro-
cedure. In practice many factors should be assessed
and integrated in order to predict the embolic risk
of a specific carotid lesion during CAS. If this risk
is estimated to be high and there are no anatomical
contraindications, proximal protection would prob-
ably represent the safest approach for the patient.

Both long lesions and clinically unstable plaques
(i.e. recurrent TIAs) define a high-risk lesion
subset, because of high plaque burden and inflam-
matory activation, respectively. Indeed, Krapf et
al. [33] reported that the risk of new cerebral
ischemic lesions at diffusion-weighted MRI after
CAS was related to the length of the lesion as
assessed by B-mode echography, whereas preproc-
edural leucocyte count was found to be associated
with increased microembolization during CAS
[34]. The vulnerable plaque, as opposed to the
stable, fibrous plaque, is made of a large lipid
pool covered by a thin fibrous cap. A study in 200
CEA specimens showed that plaque phenotype
correlated with embolization during CEA, since
vulnerable plaques were more prone to cause peri-
operative microembolization when compared with
fibrous plaques [35]. Fatty, vulnerable plaques are
less echogenic, and this pattern can be quantified
by the Grey Scale Median (GSM) method. In the
ICAROS study [36], the risk of CAS-related stroke
was 7.1% in lesions with GSM <25 and 1.5% in
lesions with GSM >25 (see Chap. 8).

Potential Complications Related
to Protection Devices

The feasibility, safety, and the clinical efficacy of
protection devices have been addressed in several
studies. However, few registries give more detailed
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information regarding incidence, type, and the
outcome of complications that could be related
to the use of protection devices [3, 31, 37]. Most
frequently, transient complications with distal pro-
tection devices are distal spasm and slow flow,
with a described incidence of up to 3.6 and 7.2%
respectively [37]. Distal spasm generally resolves
spontaneously a few minutes after the removal
of a distal protection device, or if blood pressure
allows, following the administration of intraarterial
nitrates. Slow flow may occur when using distal
filters and is due to partial or complete occlusion
of the filter pores with debris and, according to the
literature, is related to neurological events. Slow
flow disappears following removal of the filter.

Dissections of the distal ICA, at the site of
placement of distal protection devices, may occur
and have been described in 0.5-0.9% of cases [3,
31]. These dissections were managed with balloon
angioplasty, additional stent implantation, or no
treatment at all [3, 31]. All described dissections
were without clinical complications. One occlu-
sive dissection which could not be recanalized has
been described but thankfully was without clinical
sequelae [31]. In another single case, failure to
remove the filter necessitated surgical extraction
[31]. Endovascular management of displaced fil-
ters has been described [38, 39]. Care must always
be taken to avoid entrapment of the leading end of
rapid exchange balloons or stent delivery systems
and the trailing end of the filtration element. This
complication has been reported and dealt with
endovascularly [40].

Possible complications related to occlusive pro-
tection systems, distal or proximal, are mostly
related to intolerance of the patients to the inter-
ruption of blood flow. In the recently completed
Mo.Ma registry, intolerance to flow blockage was
observed in 7.1% of patients [41]. In 5.1% the pro-
cedure could be accomplished without modifying
the technique, in 1.9% patients intermittent balloon
deflation was necessary to complete the procedure,
and in 0.6% a distal filter was subsequently used
for cerebral protection. In all patients present-
ing with occlusion intolerance, stent implantation
was successfully done through the sheath of the
Mo.Ma device and without in-hospital and 30-days
neurological complications. Intolerance for distal
balloon occlusion systems varies between 5.3 and
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9.0% and is equally related to poor collateraliza-
tion of the cerebral vessels [3, 42].

Key Points

* Carotid stenting generates emboli by the endovas-
cular manipulation of atheromatous plaque. It
has been shown that microembolization occurs
considerably more frequently during CAS than
during CEA.

e The neurological effects of macroemboli are
clearly evident. The neurological effects of micro-
embolization may be clinically covert; indeed
they may perhaps only be evident on robust cog-
nitive function testing of the patient.

* While there is no randomized trial evidence to
support the use of protection systems, the avail-
able literature (levels III and IV) suggest benefit.
Protection systems may be broadly subdivided
into distal (including distal balloon occlusion and
distal filters) or proximal (including flow arrest
(the Mo.Ma) and flow reversal (Gore NPS).
Filters are the most commonly used protection
system currently. The technical factors that are
important to consider while using them are cross-
ing profile (as the lesion must be crossed with
this protection system while flow is antegrade;
i.e., lesion-crossing is umprotected) and filter
efficacy (which is related to pore size and wall
apposition).
No single system is capable of optimal manage-
ment of the embolic burden associated with each
lesion, each anatomy, and each patient. There are
trade-offs for each system. For example, the ben-
efits of constant cerebral perfusion when filters
are used must be balanced against an acceptance
of subtotal protection with these systems.
Particularly vulnerable lesions or patients with
tortuous distal internal carotid arteries (that
would comprise the landing zone for filters) are
probably best protected by means of “proximal
systems,” i.e., either flow arrest (Mo.Ma) or flow
reversal (Gore NPS).

Protection systems themselves may be the cause

of neurological complications and their use is

associated with a unique learning curve as these
devices are infrequently used for other endovas-
cular interventions.

L]

L]

L]

L]

L]
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Tips and Tricks

Tip 1: Individual Treatment Strategy

Although carotid angioplasty and stenting (CAS) is
becoming more widely performed for the treatment
of severe carotid obstructive disease, no data are
actually available about the correct use of specific
devices.

Each protection device and stent has its own
technical features. Our experience of more than
2,200 procedures since 1997 has led us to believe
that carotid stenting equipment should be selected
according to predefined logical indications rather
than by chance. This recommendation comes from
the consideration that nothing can be defined as
“perfect” in carotid stenting: neither protection
devices nor stents. With respect to protection
devices, no single system allows a fully protected
procedure. Embolic events are frequently related
to aortic arch manipulation during supraaortic
trunk engagement, and they occur in a phase that
is unprotected by definition. There are no conclu-
sive scientific data to indicate superiority of either
proximal protection devices or distal filters. With
respect to stent platforms, a universally applicable
stent (appropriate to all lesions and all anatomies)
does not exist, and plaque coverage, vessel con-
formability, and shape adaptability appear to be
conflicting physical parameters.

Another crucial point, frequently neglected, is
the fact that the stent frame, with its specific design
and radial force, exerts an intrinsic antiembolic
activity, and stent struts of some stent systems are
better at preventing future embolization of ruptured
plaque than others.

Taking these two considerations into account,
the interventionist wishing to do carotid stenting
safely should have the following:

1. A sound understanding of patient variables,
i.e., clinical and neurological status, vascular
anatomy, carotid plaque characteristics

2.Advanced knowledge of the technical features
of the materials used: guiding catheters and
sheaths, wires, balloon, stents, embolic protec-
tion devices, etc.

The optimum means of avoiding disaster is
the “individual treatment strategy.” In the face of
different types of embolic protection devices and
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stents, the CAS strategy should always consist of a
process of tailoring the endovascular procedure to a
specific patient and to a specific carotid lesion and
vascular anatomy.

Tip 2: Safe CAS and the “Protected
Procedure” Concept

The current major source of CAS complications is
related to the problem of distal embolization, either
intraprocedural or postprocedural.

Generally speaking, most operators think that
the safety of CAS is dependent on the effective
reduction of the embolic risk during the stenting
procedure. That is true, but it does not mean that
we can achieve protection only by use of a cerebral
protection device.

In reality, we have to put into practice two pro-
tection strategies, the former regarding the entire
procedure (which includes consideration of the
indication for CAS) and the latter related specifi-
cally to the use of neuroprotection devices.

Active Protection

* Any method and/or work strategy that minimises
generation of sizeable particles of embolic mate-
rial during the endovascular procedure

* Appropriate patient and lesion selection

* Meticulous device selection and interventional
technique

Passive Protection

* Devices that allow the operator to capture and remove
embolic material generated during the procedure

Some embolic events may occur hours or days
after the stent implantation. Despite the routine appli-
cation of stents, advanced stenting techniques, and
combined antiplatelet therapy with aspirin and clopi-
dogrel or ticlopidine, embolic neurological events
may occur within 30 days of the procedure.

The mechanisms involved in late embolic events
are complex and still under investigation, but these
events tend to occur in the postprocedure period,
between stent implantation and its complete reen-
dothelization (3—4 weeks). The most likely expla-
nation is that these late symptomatic embolic
events are due to prolapsed soft tissue as well as
platelet microaggregates/thrombi detached from
the stent metallic frame.
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In light of the considerations about late embolic
events, it is clear that the stent frame (and its
design) plays an important role in terms of scaf-
folding and plaque coverage: the stent has the
potential to exert a specific intrinsic antiembolic
action, dependent on its design.

Tip 3: Applicability of Tailored Carotid
Stenting in Daily Practice

If we accept the fact that neither the ideal neu-
roprotection device nor the ideal stent exists
at the moment, individual treatment strategy is
currently the only logical answer for treating
standard as well as complex carotid lesions and
anatomies.

All the following clinical cases were selected
for teaching purposes to demonstrate how to
put into practice tailored carotid stenting: the
materials (stents, embolic protection devices,
guiding catheters, balloons, wires, etc.) were
chosen in order to marry the technical features
of the devices with specific lesion and/or vessel
anatomy.

From a clinical stand point, all the presented
cases were from patients treated for symptomatic
carotid lesions (TIA, or minor stroke within 6
months of intervention).

Case 1

Angled soft ulcerated plaque associated with ana-
tomic complexity (Fig. 13.1)
Technical issues:

e Difficult angled ICA anatomy which may pre-
clude the use of distal protection devices

* High-grade, asymmetric ulcerated soft plaque at
the origin of RICA

Solution:

 Proximal system
« Stent: high scaffolding closed cell design (braided
mesh frame)

Strategy endpoints:

 Prevention of massive distal embolization
* Respect of original anatomy
* Prevention of plaque prolapse (postprocedural)

Procedure

Over along, stiff 0.035 in. wire (Supracore, Guidant),
the proximal stop flow blockage system (Mo.Ma)
is advanced until the distal tip is properly placed in

Type of stent Hybrid mesh frame, tapered 7-10/40

mm (Cristallo Ideale, Invatec)

Type of embolic
protection

Proximal endovascular clamping
(Mo.Ma, Invatec)

FiG. 13.1. Angled soft ulcerated plaque associated with anatomic complexity (extreme post-stenosis tortuosity)
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the origin of the external carotid artery (Fig. 13.1).
Distal occlusive balloon is inflated (arrow).

The complete stop flow blockage is achieved
by inflating the proximal elastomeric balloon in
the common carotid artery. Under flow blockage,
a 0.014-in. hydrophilic wire (Choice PT, Boston
Scientific) is advanced across the lesion.

Once predilated with a 3.5/30-mm coronary balloon
(Maveric, Boston Scientific), a hybrid stent tapered
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7-10/40 mm is delivered at the lesion site and postdi-
lated with a 5.5/20 mm balloon (Maveric) (Fig. 13.2).

Case 2

Right carotid artery high-grade stenosis with ultra-
sound features of a vulnerable plaque associated
with a marked proximal common carotid artery
bend (Fig. 13.3)

FiG. 13.2. Final result and plaque debris collected by aspiration of 60 cm? of blood (arrow)

F1G. 13.3. Angiographic and echo-Doppler evaluation
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Technical issues:

e Difficult angulated common carotid anatomy
which may preclude the use of proximal protec-
tion devices

* High-grade, symmetric soft plaque at the origin
of RICA

Solution:

* Buddy wire technique to straighten the angled
anatomy of common carotid artery

* Guiding catheter with a long, soft, and steerable tip

* Distal filter with high capturing capabilities

Strategy endpoints:

 Secure engagement of guiding catheter in right
CCA (buddy wire technique)

* Prevention of significant distal embolization

* Prevention of plaque prolapse (late events)

Nitinol, closed cell 20 mm,
cylindrical (XAct, Abbott)

Type of stent

Type of embolic protection |Distal filter (Emboshield,

Abbott)

Procedure

Over a standard soft 0.035-in. hydrophilic wire
(Glidewire, Terumo), the 8F multipurpose 40°
guiding catheter (Boston Scientific) is advanced
up to the proximal bend of right common carotid
artery (Fig. 13.4a).

A second 0.014-in. hydrophilic wire (Choice
PT, Boston Scientific) is then placed in the exter-
nal carotid artery, in order to gently straighten the
common carotid artery and to stabilize the guiding
catheter (buddy wire technique). The 0.035-in.
wire is retrieved and the distal protection device
(Emboshield 6 mm) is advanced across the internal
carotid lesion and deployed at the prepetrous part
of right ICA (Fig. 13.4b).

Lesion predilatation is achieved by infla-
tion of a 2.5/20-mm coronary balloon. Under
angiographic control, a short cylindrical nitinol
closed cell stent (XAct 8/20 mm) is deployed at
the lesion site (Fig. 13.5a) and postdilated with
a 5.5/20 balloon (Maveric) (Fig. 13.5b). After
stent postdilatation, the distal filter is retrieved
and completion angiograms in two orthogonal

F1G. 13.4. (a) Guiding catheter placement. (b) “Buddy wire” technique: two wires for straightening the common

carotid artery kink
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FiG. 13.5. (a) XAct closed cell stent. (b) Stent postdilatation

Fi1G. 13.6. Final angiographic result

projections are taken, demonstrating a good final
result (Fig. 13.6).

Case 3

Right carotid high-grade soft ulcerated lesion, type
I/IT aortic arch, left common and ICA occluded
(Fig. 13.7)

Technical issues:

* High-grade ulcerated soft plaque at the origin of
RICA, at high risk for intraprocedural cerebral
embolization

* Diffuse long thrombosis of left common and
ICA, a situation which may preclude the use of a

Type of stent Braided mesh, closed cell 30 mm
(Carotid Wallstent, Boston
Scientific)

Type of embolic Proximal endovascular clamping (Mo.
protection Ma, Invatec)

Distal filter (EPI filter EZ, Boston
Scientific)
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Fi6 13.7. (a) Right carotid high-grade soft ulcerated lesion (arrow). (b) Left common and internal carotid artery
occluded (arrow)

p flow blockage * CCA+ECA stop flow blockage

» ECA stop flow blockage * EPIEZ filter-wire in ICA * EPIEZ filter-wire in ICA
* Carotid Wallstend 9/30 mm

FiG. 13.8. (a) ECA flow blockage (arrow). (b) EPI filter EZ in distal ICA (arrow). (¢) Carotid Wallstent 9/30 post-
dilatation (arrow) under proximal and distal protection
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Total occlusion time 72 seconds

F1G. 13.9. Final angiographic result and visible debris collected in both proximal protection system and distal filter

proximal protection system (because of intrapro-
cedural neurological intolerance)

Solution:

* Double cerebral protection (proximal protection
and distal filtration)

* Closed cell design carotid stent with high scaf-
folding and wall coverage performances

Strategy endpoints:

* Prevention and management of significant distal
embolization
* Prevention of plaque prolapse (late events)

Procedure

Over a long, stiff 0.035-in. wire (Supracore, Guidant),
the proximal stop flow blockage system (Mo.Ma) is
advanced until the distal tip is properly placed in the
origin of the external carotid artery. The distal occlu-
sive balloon in the ECA is then inflated (Fig. 13.8a).

The 0.035-in. stiff wire is retrieved and the distal
protection device (EPI filter EZ) is advanced across
the internal carotid lesion and deployed at the
prepetrous part of right ICA (Fig. 13.8b).

Lesion predilatation is done under distal filtra-
tion, by using a 2.5/20-mm coronary balloon.
Under angiographic control, a 9/30-mm Carotid
Wallstent is deployed at the lesion site. Complete
flow arrest (Fig. 13.8c) is achieved by inflating
the proximal elastomeric balloon in the com-
mon carotid artery. Under flow arrest, the closed
cell stent is postdilated with a 5.5/20 balloon
(Maveric) (arrow) (Fig. 13.8¢).

After stent postdilatation, 60 cm? of blood is
aspirated. The proximal elastomeric balloon in
common carotid artery is deflated and the ante-
grade cerebral flow restored. The distal filter
is finally retrieved and completion angiograms
are taken, demonstrating a good final result
(Fig. 13.9).
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Relevance of Periprocedural

Hemodynamics

Sumaira Macdonald

Mechanisms of brain injury during carotid artery
stenting (CAS) include embolic and hemodynamic
events, acute carotid occlusions occurring through
a variety of means, and the relatively rare contrast-
induced encephalopathy. Impaired clearance of
emboli due to relative hypoperfusion may exac-
erbate their clinical relevance and thus embolic
and hemodynamic causes of stroke may be closely
linked.

Hemodynamic injury may result from hemody-
namic depression and hypoperfusion (which may
result in watershed infarction) (Fig. 14.1) or the
hyperperfusion syndrome, which may, if severe,
result in hemorrhagic stroke. While most inter-
ventionists are very cognisant of embolic causes
of stroke, hemodynamic instability is often under-
recognized as an important cause of periprocedural
neurological and sometimes cardiac complications.
There is much that can be done to avoid and man-
age such complications.

Hemodynamic Depression

Hemodynamic instability during CAS is common-
place and is baroreceptor-mediated. During the
recruitment phase of the CAVATAS trial, the hemo-
dynamic responses to carotid angioplasty (stents
were placed in only 26% of cases) and endarterec-
tomy (CEA) were compared [1]. Hypotension was
defined as a fall in systolic blood pressure (BP)
>3 mmHg, compared with preintervention values.
In the first 24 h after the procedure, episodes of

S. Macdonald and G. Stansby (eds.), Practical Carotid Artery Stenting,

hypotension occurred in 75% of the CEA group
and 76% of the endovascular group. There was
a significant fall in BP in both groups at 1 h, but
this was only sustained in the endovascular group.
Systolic BP was significantly lower at 1 and 6
months in the surgical group.

Carotid stents have the potential for a more
profound impact on the carotid baroreceptors than
does angioplasty alone. More prolonged hypoten-
sion and bradycardia occur with balloon-expandable
stents with high radial force but these have largely
fallen from favor in the carotid territory because of
their propensity to deform. Nitinol (nickel-titanium
alloy) self-expanding stents exert continued expan-
sion forces for some 24 h postimplantation and
there is anecdotal evidence that suggests that hypo-
tensive effects may be more marked after place-
ment of stents with higher radial force. Performing
CAS under general anesthetic does not reduce the
incidence of hemodynamic instability [2].

The literature indicates that without anticholin-
ergic prophylaxis, the incidence of intraprocedural
bradycardia ranges from 28 to 71% and intraproce-
dural hypotension from 17 to 22%. Some caution
must be exercised in the interpretation of these fig-
ures as there is substantial heterogeneity in popula-
tions treated and variable definitions of bradycardia
and hypotension.

Procedural vital signs were recorded in 741
patients undergoing CAS with atropine prophylaxis
[3]. Severe hypotension was defined as a systolic
BP of <8 mmHg and bradycardia as a heart rate of
<50 beats per minute. Thirty-four patients (7%) had
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Fig. 14.1. Here there is a left-sided “internal” watershed
infarction, between medullary arteries arising from the
superficial pial plexus and deep penetrating arteries aris-
ing from the basal cerebral arteries. The tissue at risk is
the white matter tracts of the corona radiata and centrum
semiovale (as demonstrated)

severe hypotension (n = 23), bradycardia (n = 2), or
both (n = 9) despite atropine and adequate prepro-
cedure fluid balance. Intravenous catecholamines
(dopamine) were necessary in eight patients with
prolonged hypotension. Age >77 years (OR, 6.40;
95% CI, 1.80-22.78; p = 0.004) and coronary
artery disease (OR, 2.81; 95% CI, 1.29-6.14; p =
0.010) were associated with an increased adjusted
risk of hypotension or bradycardia.

Older patients may have impaired cerebral
autoregulatory responses to hypotension and brady-
cardia. Similarly, those with compromised cardiac
reserve, possibly due to chronic structural and func-
tional myocardial impairment may be more vulner-
able to procedural hemodynamic instability.

A retrospective analysis of 500 consecutive CAS
procedures sought to evaluate the rate, predictors,
and consequences of hemodynamic depression
after CAS [4].

Macdonald

In this review, hemodynamic depression was
defined as periprocedural hypotension (systolic BP
<90 mmHg) or bradycardia (heart rate <60 beats
per minute). Hemodynamic depression occurred in
210 procedures (42%) and was persistent in a fur-
ther 84 procedures (17%). Features that independ-
ently predicted hemodynamic instability included
lesions involving the carotid bulb (OR, 2.18; P <
0.0001) or the presence of a calcified plaque (OR,
1.89; P < 0.002). Prior ipsilateral CEA was associ-
ated with reduced risk of hemodynamic instability
(OR, 0.35; P < 0.0001), presumably because of
prior surgical denervation of the carotid barorecep-
tors. Patients with persistent hemodynamic insta-
bility were at significantly increased risk of stroke
(OR, 3.34; p < 0.03). Previous work from the same
unit on a dataset of 404 CAS procedures indicated
that those with hemodynamic instability had, in
addition, increased risk of myocardial infarction
(OR, 4.5; 95% CI, 1.2-16.9) and death (OR, 3.6;
95% CI, 1.0-7.6) [5].

That patients with post-CEA restenosis are less
hemodynamically labile was also demonstrated in
a study on 86 patients [6]. In this study, patients
given prophylactic atropine had a reduced inci-
dence of intraoperative bradycardia, as expected
9% vs. 50%, p < 0.001), but also a lower
perioperative cardiac morbidity (0% vs. 15%,
p < 0.05).

There is a linear correlation between the intrap-
rocedural magnitude of drop in systolic BP and the
severity of any ensuing neurological event [7]. In a
cohort of 60 patients, the mean systolic BP change
during or after stenting in 55 cases without neuro-
logical events was 34 + 14 mmHg, while patients
with transient or permanent neurological events had
significantly greater changes in systolic BP (107 +
3mmHg, p <0.003; and 134 + | mmHg, p <0.001,
respectively). Patients with neurological sequelae
had significantly higher systolic BP before the
procedure than those without complications (203 +
30 vs. 165 £ 2 mmHg; p < 0.001). There were no
neurological events in patients with a <50-mmHg
change in systolic BP. The authors concluded that
patients with severely elevated baseline systo-
lic BP, i.e., >180 mmHg, were at higher risk of
hemodynamic instability and neurological events
during CAS.
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Impaired Clearance of Emboli:
The Link Between Hypoperfusion,
Emboli, and Ischemic Stroke

Hypoperfusion and embolism often coexist and
the clinical sequelae of each are interactive [8].
Hypoperfusion limits clearance of emboli and
reduces available blood flow to regions rendered
ischemic by embolic events. The border zones
are a favored destination for emboli that are not
“washed out.”

Patients with critical carotid stenosis have several
factors, including age, hypertension, and/or diabe-
tes, that could jeopardize the microcirculation and
increase the vulnerability of the brain to ischemic
injury from microemboli. These patients also are
likely to have had previous microembolic episodes
that would reduce the available microcirculation
collaterals and further increase the potential risk. If
a shower of microemboli are liberated during CAS
that are of a size that would pass through avail-
able cerebral protection devices of the filter-type,
i.e., <80 um, neurological injury is not necessarily
guaranteed if the patient has good cerebral reserve
and collateral circulation. In an elderly patient or
one with reduced reserve/collaterals this otherwise
innocuous shower may assume more clinical rel-
evance. If the patient suffers intraprocedural hypo-
tension and a microembolic shower, the potential
for clinical sequelae due to reduced “wash-out” of
these microemboli increases.

Pharmacotherapy and Avoidance
of Hemodynamic Depression

Atropine, from deadly nightshade, is a competitive
inhibitor of muscarinic acetylcholine receptors. Its
parasympathetic antagonistic effects prevent barore-
ceptor-induced bradycardia during CAS. Atropine
sulphate is usually administered at doses of 600 pug
— 1.2 mg intravenously or into the arterial sheath.
If administered into the arterial sheath there will
be unilateral dilatation of the pupil, a feature that
should be explained to the nurses and junior doc-
tors looking after the patient on the ward following
CAS as it may otherwise be a cause for concern.
Glycopyrronium bromide (glycopyrrolate), given in
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200-pg aliquots, is a synthetic derivative of atropine
and has less cardioaccelerator effects than the lat-
ter. It also has less central nervous system effects
than atropine in the elderly, which may include
amnesia, confusion, and excitation. It is therefore
preferred in older patients and in those with signifi-
cant coronary artery disease.

I know of at least two patients (who were await-
ing urgent coronary artery bypass grafting) who
suffered ventricular fibrillation during CAS after
the administration of atropine. Since glycopyr-
rolate became the standard of care at my institute,
there have been no more cases of life-threatening
cardiac arrhythmia.

Of course, neither atropine nor glycopyrro-
late will prevent procedural hypotension. Relative
postprocedural hypotension (e.g., 90-10 mmHg
systolic) due to endovascular carotid sinus manipu-
lation is commonplace but clinically irrelevant in
the majority. Patients with significant coronary
artery disease and reduced myocardial reserve,
however, may not tolerate hypotension of this
degree. While there may be concerns about acute
carotid thrombosis following CEA, this is not a
major concern following CAS, perhaps because of
the stringent antiplatelet and anticoagulation regi-
mens, but in a symptomatic patient, intravenous
fluids may be indicated. Vasopressors or inotropes
may be required to maintain systolic BP above 80
mmHg. The beta-adrenergic agonist isoprenaline
was evaluated in a retrospective study [9]. Patients
undergoing CAS with isoprenaline prophylaxis
were compared with historical controls treated
with atropine prophylaxis. Compared with atro-
pine, isoprenaline was associated with a reduction
in the occurrence of bradycardia, asystole, and
hypotension. Isoprenaline, working on both the
heart rate and contractility by stimulating cardiac
beta-1 receptors, is given intravenously usually as
an infusion of 24 pg min~' because of its short
duration of action.

In an analysis of patients requiring vasopressor
support either in the short-term (<24 h) or for a
more prolonged period (>24 h), it was concluded
that older females were most likely to need pro-
longed support while patients of either sex with a
history of prior myocardial infarction were more
likely to require short-term support. A recent study
evaluated the use of vasopressors in the critical
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care unit (CCU) for treatment of persistent post-
CAS hypotension in 623 patients [10]. The authors
concluded that compared with the use of the mixed
alpha-/beta-agonist dopamine, the more selective
alpha-agonists norepenephrine and phenylephrine
were associated with a shorter infusion time and
consequently reduced CCU length of stay and
fewer major adverse events.

Regardless of whether expectant or “active”
management of hypotension has been instituted,
patients should be monitored for 24 h and care taken
in case vasovagal syncope occurs. Baroreceptors
may “reset” earlier if the patient is mobilized
sooner [11], and routine use of a puncture-site
closure device during CAS supports this initiative,
but caution should be exercised and graded, super-
vised mobilization is appropriate. While the timing
of complications suggests that day-case CAS may
be feasible [12, 13], patients with postprocedural
BP derangements clearly need careful monitoring.
In addition to procedural management of the BP,
it may also be necessary to reduce or discontinue
the patient’s antihypertensives temporarily on dis-
charge until the BP returns to preinterventional
levels.

Hyperperfusion Syndrome
and Intracranial Hemorrhage:
Definitions and Pathophysiology

Cerebral hyperperfusion syndrome is defined as
a cerebral blood flow that exceeds the metabolic
requirements of brain tissue and/or an increase in
cerebral perfusion of more than 100% compared to
preinterventional values. The concept of “normal
perfusion pressure break-through” was described
by Spetzler in 1978 in the setting of the resec-
tion of a cerebral arteriovenous malformation.
Spetzler theorized that intracranial hemorrhage
(ICH) occurred because of loss of autoregulation in
the surrounding normal brain parenchyma. In 1981
Sundt related the phenomenon to CEA, describ-
ing a triad of complications to include ipsilateral
throbbing headache (often frontal and includ-
ing ipsilateral face and eye pain), transient focal
seizures, and ICH [14]. The pathophysiology of
hyperperfusion syndrome is complex. It is thought
to be due to prevailing hypoperfusion, resulting
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from a significant carotid stenosis in conjunction
with impaired reserve due to poor collaterals,
culminating in compensatory dilatation of the
distal cerebral vasculature as part of the cerebral
autoregulatory mechanism. Upon restoration of
flow following CEA or CAS, there is a momentary
loss of autoregulation, leading to hyperperfusion
in previously underperfused areas. The capillaries
of the previously protected capillary bed are then
more prone to rupture, culminating in hemorrhagic
infarct.

The literature provides support for the concept
of exhausted cerebral reserve capacity [15, 16]. Itis
worth noting that a carotid stenosis does not reach
hemodynamic significance until it is >75% [17].

Hyperperfusion During and After
CAS: Clinical Outcomes

Large clinical series on CEA have shown that
the overall incidence of ICH complicating the
procedure is of the order of 0.2-0.7% [18-21].
A total of 54 cases of CAS-associated ICH have
been reported. A pooled analysis of these cases
indicates that the incidence of ICH in the setting
of CAS is 0.63% (95% CI, 0.38-0.97%) in studies
consisting of >100 cases, which is significantly
lower (p < 0.0001) than that of case series consist-
ing of <100 cases (2.69%; 95% CI, 1.75-3.94%)
[22]. Symptomatic lesions, severe stenosis (=90%),
maximal stenosis in the internal carotid artery
distal to the bifurcation, and preexisting cerebral
infarction were predisposing factors. The incidence
of ICH is 2.01% (9/448; 95% CI, 0.98-3.65%) in
patients treated with glycoprotein IIb/Illa inhibi-
tors [22]. The interval between carotid angioplasty
or CAS and ICH ranges from immediately after
the procedure to 6 days. In 33 of 47 reported cases
(70%) the interval was <24 h; in 13 cases, the
interval was <1 h. In two cases described in the
literature, a sustained hypotension prior to hemor-
rhage was reported, contrary to expectation, and
in 9-21 patients (43%) there were no prodromal
symptoms.

Some workers postulate a spectrum of hyper-
perfusion entities following CAS that is not easily
defined by the original description of the hyper-
perfusion syndrome [23, 24]. The literature on
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CAS-associated ICH reveals many instances of
acute or hyperacute ICH, i.e., within hours of CAS
wherein hemorrhage occurred in the basal ganglia.
In these cases there was no preexisting evidence of
focal basal ganglia ischemia and classical prodro-
mal symptoms were absent [14, 24]. Preexisting
hypertension, evidence of microangiopathy, treat-
ment of a high-grade stenosis, and localization
of hemorrhage to the basal ganglia seemed to
be recurring themes. The authors postulated that
there were two types of pathophysiology. The first,
described as “classical,” resulted from primary
cerebral edema giving rise to the classical triad of
symptoms (accepting that ICH is not an inevitable
consequence of this entity), and the second entity,
a hyperacute and often fatal primary ICH resulting
in basal ganglia hemorrhage from weak anterior
perforating arteries. It was hypothesized that the
former is more commonly encountered in the
context of CEA, and the latter, perhaps potentiated
by the powerful mandatory antiplatelet regime, is
more commonly seen during CAS. Clearly, there
is an overlap between these two entities and both
have common predisposing factors.

In contradistinction to CEA, ICH in the setting
of CAS seems to occur at shorter intervals and
often presents as subarachnoid hemorrhage. This
form of extraaxial bleeding has not been described
following CEA (Fig. 14.2).
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Evaluation of Cerebral Reserve in
Patients at Risk of Hyperperfusion

Exhausted reserve capacity may be evaluated pre-
CAS in patients thought to be at risk of hyper-
perfusion by acetazolamide magnetic resonance
perfusion studies [25, 26]. Cerebrovascular reserve
may be objectively quantified so that appropriate
steps (e.g., lowering periprocedural BP perhaps to
subnormal levels) can be taken.

Hyperperfusion Injury:
Pharmacotherapy and Strategies
for Avoidance and Control

There is no available level-1 evidence to support
practice. Intracranial hemorrhage during carotid
interventions is associated with a poor prognosis.
Following CEA, ICH carries a 37-80% mortality
and a 20-37% risk of poor recovery in survivors
[19, 27]. Following CAS there may be a 75%
mortality, which usually occurs within days of the
procedure.

Prevention is therefore critical, and vigilance is
of vital importance. In the periprocedural period,
aggressive monitoring and control of systemic BP
may mean the difference between a favorable and a

FiG. 14.2. (a,b) Extensive subarachnoid (white arrows), parenchymal (green arrow), and intraventricular hemorrhage
(pink arrows) 24 h after uncomplicated carotid stenting. There were no prodromal symptoms, and no prior risk fac-

tors were evident. This patient died
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disastrous outcome. Junior medical staff and ward
nurses may be unfamiliar with caring for patients
after CAS, although they are usually familiar with
the care of patients undergoing CEA. An educa-
tional program for nurses and junior doctors can
reap many rewards. In patients with postprocedural
sustained hypertension (i.e., >20% above systolic
baseline for >1 h), the aim should be to lower
the BP to 10-20% below baseline, i.e., below
preinterventional values, although it has also been
suggested that BP in at-risk groups with BPs in
the normal range should be lowered to subnormal
values. Beta-blockers such as labetolol or the ultra-
short acting esmolol have several advantages over
other antihypertensive agents, although they may
induce relative bradyarrythmias. Hydralazine may
further increase cerebral blood flow, leading to a
counterproductive effect and nitrates may cause
headache [28].

A recent report evaluated the efficacy of a com-
prehensive BP management protocol in reducing
ICH following CAS [29]. A total of 836 patients
were included in this study; 266 prior to institution
of a BP protocol and 570 patients treated subse-
quently. The BP of all patients in the latter group was
lowered to 140/90 mmHg; those with a treated ste-
nosis >90%, contralateral ICA stenosis >80%, and
baseline hypertension was more strictly controlled
(aiming for a BP of <120/80 mmHg). Patients who
developed the hyperperfusion syndrome received
parenteral beta-blockers or nitrates. The incidence
of hyperperfusion syndrome/ICH was 5/266 (1.9%)
prior to the institution of the strict BP control pro-
gram and 3/570 (0.5%) thereafter. The incidence
of ICH was 3/266 (1.1%) and 0/570 respectively
(»p = 0.0032). In high-risk patients both hyper-
perfusion syndrome and ICH were significantly
reduced from 29.4 to 4.2% (p = 0.0006) and
17.6%—0% (p = 0.006) respectively. There were
no complications attributable to the hypotensive
regimen, and the length of stay was not signifi-
cantly increased after institution of the hypotensive
regimen (2.6 vs. 2.1 days, p = 0.18).

Relative intracerebral vasoconstriction may pro-
tect the brain in the setting of exhausted cerebral
reserve and this may be achieved by hyperbaric
ventilation. This of course mandates sedation, intu-
bation, and artificial ventilation. The 5-HT receptor
agonist sumatriptan has had beneficial effects in
experimentally induced cerebral hyperperfusion,
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without effect on blood flow at normal flow vol-
umes but this strategy has not yet been formally
assessed in the setting of either CEA or CAS.

Additional efforts to reduce the risk of ICH in
patients at risk may include limiting the duration
of balloon inflation during pre- and postdilatation
stages, which may help to minimize procedural
brain ischemia and thus reduce the likelihood
of hyperperfusion syndrome and ICH. Some
workers would advocate withholding antiplatelet
agents in symptomatic patients with a docu-
mented increase in mean MCA velocities until
their symptoms have resolved and their BP is
controlled. Clearly, this represents a balance of
risk and benefit with, on the one hand, the specter
of ICH and on the other, potential stent thrombo-
sis and the potential for platelet-rich showers of
emboli [30]. Others advocate deliberate under-
dilatation or no postdilatation after stent place-
ment in at-risk patients, although the theoretical
trade-off in these circumstances would again be
the risk of acute stent thrombosis due to subopti-
mal stent through-flow.

Monitoring of BP should continue after dis-
charge for at least 2 weeks following CAS, either
by self-monitoring in a motivated patient or through
the patient’s family practitioner. Patients should be
advised to return immediately to the treating center
should severe headache develop within the first few
weeks of intervention.

Key Points

e Generally, there is a lack of appreciation of
nonembolic causes of neurological injury and
there is much that can be done to control these
factors.

e Hemodynamic instability is an important but
underrecognized cause of procedural stroke.

* Hemodynamic instability, commonplace during
CAS, is not abolished by atropine but is reduced
by its routine prophylactic administration.

¢ Baseline systolic BP >180 mmHg is an independ-
ent risk factor for hemodynamic compromise —
and may result in postprocedural hypotension and
hypertension.

* Regarding procedural hypotension, the degree of
drop in BP correlates linearly with the severity of
subsequent neurological insult.



14. Relevance of Periprocedural Hemodynamics

e Postprocedural relative hypotension is common
but usually benign and treatment is reserved for
symptomatic patients.

Earlier mobilization, facilitated by routine use
of puncture-site closure devices, may promote
timely “resetting” of the baroreceptors, but graded
supervised mobilization is advised.
Pharmacotherapy for hemodynamic depression
occurring during the procedure centers on
antimuscarinic and/or selective alpha agonist
prophylaxis.

Careful postprocedural monitoring is vital, and the
patient’s usual antihypertensive regimen may need
to be temporarily or permanently rationalized.
Pharmacotherapy for hyperperfusion, preferably
by short-acting beta-blockers, is centered on
groups considered to be at high risk and, as ICH
is often devastating, on aggressive BP control in
these patients.

Institution of an aggressive BP control program
will reduce the incidence of hyperperfusion syn-
drome and ICH.

BP monitoring should continue after discharge
for at least 2 weeks following CAS, and patients
should be advised to return immediately to the
treating center should severe headache develop
within the first few weeks of intervention.
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Dealing with Complications:

Neurorescue

Claudio Schonholz, Renan Uflacker, and Juan C. Parodi

Recent reports in the literature show that carotid
angioplasty and stenting is an acceptable alterna-
tive to carotid endarterectomy in the treatment of
carotid artery stenosis in a specific population. The
procedure, however, has some possible complica-
tions, and distal embolization can occur and may
cause stroke or even death [1]. In the past decade,
several different techniques and devices have been
developed to prevent cerebral damage associated
with accidental embolization. The principal types
of cerebral protection devices (CPD) are proxi-
mal and distal occlusion balloons, distal filters,
and reversal-of-flow mechanisms [2]. Transcranial
Doppler studies carried out during carotid artery
stenting (CAS) procedures have shown that high-
intensity transient signals consistent with microem-
bolization occur during simple manipulation of the
guidewire across the lesion [3] and throughout the
procedure unless flow reversal is applied.

The devices that provide proximal occlusion
with or without reversal of flow activate cerebral
protection before interaction with the lesion and
collect all released particles [4, 5]. This repre-
sents an important advantage over distal protec-
tion devices, since ex vitro studies found that
15% of the particles released during CAS are
related to crossing the lesion before protection
can be initiated [6].

Despite the use of meticulous techniques and
cerebral protection devices, the incidence of neu-
rological complications due to thromboembolic
events may be still 3-5% [1]. When a stroke occurs
during CAS, an angiogram of the intracranial

S. Macdonald and G. Stansby (eds.), Practical Carotid Artery Stenting,

circulation in AP and lateral views should be
obtained and compared with those obtained before
treatment in order to assess angiographic evidence
of an embolic event [7]. If the angiogram fails to
show intracranial vessel occlusion, the patient will
most likely develop a minor stroke or a TIA and
can be treated with heparin and GP-IIb/IIla inhibi-
tors. The presence of intracranial vessel occlusion
could be associated with progression to a major
stroke if left untreated. Severity and characteristics
of deficit will depend upon the localization of the
occlusion. Therefore, in such cases, heparinization,
intraarterial fibrinolytic agents, GP-IIb/IIla inhibi-
tors, and mechanical disruption and thrombectomy
should be implemented in order to establish ante-
grade flow in the occluded vessels (Fig. 15.1).

GP-IIb/II1a Inhibitors

Abciximab (ReoPro) is the Fab fragment of a
chimeric (human/murine) monoclonal antibody
that binds to the GP-IIb/Illa receptor, the final
pathway for platelet aggregation. Abciximab binds
to the GP-IIb/Illa receptor in its resting state
and hinders its ability to bind fibrinogen [8].
Abrupt vessel closure after CAS is seen in some
cases despite the concomitant use of heparin and
aspirin, and platelet aggregation plays a pivotal
role in thrombus formation and propagation [9].
Regardless of the stimulus, the final common path-
way of platelet aggregation involves the surface
GP-IIb/II1a receptors [10]. Receptors on activated
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platelets couple with adjacent platelet GP-IIb/IIla
receptors by an interposed fibrinogen molecule.
Unlike aspirin, which blocks only the arachidonic
acid—-thromboxane pathway of platelet activity,
and ticlopidine and clopidogrel, which block the
platelet ADP receptors, the GP-IIb/Illa receptor
antagonists markedly inhibit platelet aggregation
regardless of the pathway or stimulus. The GP-IIb/
IITa receptors on platelets are believed to be the
only platelet adhesion receptor for fibrinogen and
therefore the use of selective and potent antago-
nists to GP-IIb/IIla receptors will not only prevent
platelet aggregation, but may lead to dissolution of
formed fibrinogen bridging in platelet aggregation
[11]. However, Abciximab is not currently FDA
approved for use in acute cerebral ischemic stroke
or for the use as a rescue agent in acute cerebral
embolization during CAS. The only current indica-
tion for abciximab is for the prevention of ischemic
complications in patients undergoing percutaneous
coronary interventions.

Carotid artery branch occlusion should be
expected to behave in a similar way as does coro-
nary lesions, where the lessons learned in coronary
interventional trials could be extrapolated [12].
Concerns of excessive intracranial hemorrhage
risk in patients with stroke have limited the use of
GP-IIb/IIIa inhibitors. However, there have been
successful reports on the use of abciximab as a
rescue agent in dissolving thrombus in intracranial
vessels. Ho et al. [13] described three patients
who experienced ischemic cerebrovascular events
with symptoms involving the middle cerebral
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artery territory while undergoing percutaneous
angioplasty and stenting to their internal carotid
arteries. Abciximab was administered to each
patient within 10 min of symptom onset as a bolus
(0.25 mg kg™!) into the ipsilateral common carotid
artery, followed by continuous intravenous infu-
sion (9 pug min~!) for 12 h. All patients’ symptoms
resolved completely (by 25 min, 40 min, and 5 h,
respectively), with no further neurological com-
plications. Qureshi et al. [14] reported a case of
complete occlusion of the right vertebral artery
after angioplasty with complete recanalization
after 24 h of abciximab infusion. Tong et al. [15]
reported that an acute carotid stent thrombosis
resolved completely after 20 min of administration
of abciximab.

Nevertheless, different groups have evaluated
the use of GP-IIb/IIla inhibitors as prophylactic
and adjunctive therapy for carotid angioplasty
and stent placement [14, 16-20]. In all series the
incidence of intracerebral bleeding was greater
with the administration of GP-IIb/IIla inhibitors.
Therefore, GP-IIb/IIla inhibitors should not be
used routinely in carotid stenting.

Intraarterial Thrombolysis

Thrombolytic therapy plays an important role in
the reopening of intracranial branches occluded by
a clot embolus [21, 22]. A microcatheter should
be navigated through the guide catheter into and
across the thrombus. Urokinase or recombinant
t-PA can be infused through the microcatheter in
amounts of 200,000-1,300,000 TU or 5-40 mg,
respectively. Slow infusion of the thrombolytic
agent, at rates of 5,000-20,000 IU min~' for uroki-
nase and 0.5-2.0 mg min~' for recombinant t-PA,
is preferred. Usually, 500,000 IU of urokinase is
administered initially [23] (Fig. 15.2). If no reca-
nalization is achieved, mechanical disruption using
a wire or catheter or balloon angioplasty can be
done, followed by additional urokinase administra-
tion. Mechanical clot disruption or angioplasty can
be effective if pharmacological recanalization alone
is initially ineffective [24]. Sorimachi et al. described
different techniques of mechanical embolus disrup-
tion in conjunction with intraarterial thrombolysis,
showing a high incidence of recanalization and
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clinical improvement in patients with acute occlu-
sion of the distal internal carotid artery and middle
cerebral artery [25].

Prourokinase was evaluated in phase II and III
trials and exhibited good success in recanalization
for middle cerebral artery occlusion of less than 6
h [26, 27]. Intraarterially administered prouroki-
nase, at doses of 6-9 mg, can be used instead of
urokinase or recombinant t-PA. Heparinization
during thrombolysis may enhance the thrombolytic
efficacy of urokinase or recombinant t-PA [28].
The intravenous administration of a heparin bolus
(70 units kg™!) before thrombolysis, to maintain the
ACT between 250 and 300 s, may be considered.
Postthrombolytic use of heparin to prevent reocclu-
sion is recommended for patients with partial recanal-
ization, arterial dissection, or persistent distal emboli
not amenable to selective thrombolysis. Intravenous

heparin administration should be titrated to main-
tain a PTT of 1.5-2.3 times the control values. For
quick action, arterial access should be maintained
for 12-24 h for patients at high risk. In addition,
patients should be closely monitored in a neuro
intensive care unit environment.

There are multiples of reports in the litera-
ture showing successful recanalization using lytic
therapy [27-30, 52-53]. Although these studies
showed positive results when strict selective criteria
were used, the risk of hemorrhagic transformation
was increased, possibly because of the fibrinolytic
agent action [31] (Fig. 15.3). Ischemic signs on
the baseline CT prove to be a significant predictor
of intracranial bleeding after thrombolysis [32].
Intracranial bleeding was observed in 7-38% [32,
33] of the patients with acute stroke who received
intraarterial thrombolysis.
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Mechanical Thrombectomy

Intracranial thrombectomy involves the extraction
of the thrombus through a catheter and should
provide rapid recanalization and reduce the risk of
distal embolic complications seen with mechani-
cal clot disruption. This method may be used as
a stand-alone technique or in conjunction with a
markedly reduced dose of a thrombolytic drug.
The technical challenges of thrombectomy include
intracranial navigation of these devices, capture of
occlusive material within the tortuous and branched
cerebral vasculature, and safety issues such as ves-
sel wall damage or perforation [34].

In cases with “in stent thrombus formation”
the vessel can be catheterized with a 7F guiding
catheter (Brite-tip; Cordis, Miami, FL) that is navi-
gated over a guidewire into the proximal third of

the thrombus. A 60-mL syringe is used to aspirate
the thrombus. Aspiration is done by moving the
catheter in and out of the thrombus several times;
it is continued for ~10 s each time. The guide cath-
eter is slowly withdrawn to allow more complete
removal of the thrombus. Aspiration is stopped
when the catheter is pulled out of the occluded
artery [35].

The Merci Retrieval System

The Merci Retrieval System (Concentric Medical
Inc., Mountain View, CA) consists of the Merci
Retriever, the Merci Balloon Guide Catheter (BGC),
and the Merci microcatheter. The BGC is a 9F
catheter with a large 2.1-mm lumen and a balloon
located at its distal tip. The Merci Retriever is a
tapered wire with five helical loops of decreasing
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diameter (from 2.8 to 1.1 mm) at its distal end. The
Merci Retriever is advanced through the micro-
catheter in its straight configuration and resumes
its preformed helical shape once it is delivered into
the occluded intracranial artery in order to ensnare
the thrombus. The BGC is placed into the common
or internal carotid artery for anterior circulation
proximal occlusion, or the subclavian artery for
posterior circulation occlusion. Using standard
cerebral catheterization techniques, the microcath-
eter is guided into the occluded vessel and passed
beyond the thrombus. A selective angiogram is
taken distal to the thrombus to evaluate the size and
tortuosity of the distal arteries, where the Merci
Retriever is to be deployed. The Merci Retriever
is then advanced through the microcatheter and
2-3 helical loops are deployed beyond the throm-
bus. It is then retracted to contact the thrombus,
and the proximal loops are then deployed within
the thrombus. The BGC balloon is inflated to
control intracranial blood flow during removal
of the thrombus and five clockwise rotations
are applied to the Merci Retriever to further ensnare
the thrombus. The Merci Retriever with the ensnared

FiG. 15.5. The distal end of the GORE neuro thrombec-
tomy device in its expanded state

thrombus, and the microcatheter, are withdrawn
together into the BGC lumen, during continuous
aspiration to the BGC, to ensure complete evacu-
ation of the thrombus. The balloon of the BGC is
deflated to reestablish the flow. Upon confirmation
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of complete evacuation of the thrombus (brisk reflux
of blood), another angiogram is taken (Fig. 15.6).
If the occlusion persisted, then the procedure is
repeated up to six passes [36].

The MERCI trial (Mechanical Embolus Removal
in Cerebral Ischemia trial) was designed to evalu-
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ate the safety of the Concentric Retriever™ System
in the treatment of neurovascular thromboembolic
occlusions. Recanalization was achieved in 46%
(69/151) of patients on intention to treat analy-
sis, and in 48% (68/141) of patients in whom the
device was deployed [37, 38].

FiG. 15.6.
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Guidant Neuronet

This microguidewire-based device consists of a laser-
cut nitinol basket that can be pushed through a stand-
ard microcatheter. The self-expanding basket has
more struts distally than proximally and is attached
to the microwire excentrically to load the thrombus.
The technique for deployment consists of passing the
microcatheter ~2 cm beyond the occlusion and then
advancing the device to the tip, followed by unsheath-
ing the device by pulling back the microcatheter. The
device is then withdrawn to capture the embolus but
requires no resheathing [34, 39, 40].

Gooseneck Snare

The gooseneck snare uses a nickel-titanium (niti-
nol) wire oriented at a right angle to the catheter
tip. The radiopaque loop of the microsnare is avail-
able in 2-, 4-, and 7-mm diameters of 175-cm cable
length and can be placed through any standard
0.018-in. microcatheter. This device is approved
for coil retrieval but has been used for treatment
in patients with acute stroke [41]. The loop of
the snare is pushed out of the microcatheter just
enough for it to open fully and take its built-in
shape perpendicular to the catheter and the vessel.
The microcatheter is then pushed together with the
snare into the embolus, and a minor buckling of
the loop can often be seen. After this, the snare is
pulled back slightly into the microcatheter so that
only a small eye can be seen outside the catheter
tip on fluoroscopy. Then, the microcatheter and
snare are pulled out a few centimeters. A control
angiogram is cautiously obtained to verify the sta-
tus. If the embolus is caught in the snare, the whole
assembly of the snare, the microcatheter, and the
guide catheter is pulled out as a unit. This is done
to minimize the risk of dislodging the embolus
from the snare [31, 42, 43].

Gore Neuro Thrombectomy Device

For intracranial vessel occlusion different mechani-
cal thrombectomy devices are currently in use
and include the Merci Retrieval System, the
Neuronet (Guidant Corporation, Indianapolis,
IN),the Microsnare (Microvena, Minneapolis,
MN), the In-Time Retriever (Target, Fremont,
CA), the EnSnare (Medical Device Technologies,
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Gainesville, FL) and the Phenox Clot Retriever
(Phenox GmbH, Germany) (Fig. 15.4). The
GORE neuro thrombectomy device (W. L. Gore
& Associates, Inc., Flagstaff, AZ) is intended
to restore blood flow in the neurovasculature
by removing thrombus in patients experiencing
ischemic stroke. Patients who are ineligible for
intravenous tissue plasminogen activator (IV t-PA)
or who fail IV t-PA therapy are candidates for
treatment. The GORE neuro thrombectomy device
is introduced through a previously placed micro-
catheter beyond the thrombus and the distal end is
expanded using a proximal handle. The expanded
distal end is designed to engage and remove
thrombus. At the time of this writing, initiation of
a clinical trial to evaluate the safety and efficacy
of this device is expected during the latter part of
2008 (Fig. 15.5).

Conclusions

Cerebral embolism is still an unresolved problem
of the endovascular treatment of carotid occlusive
disease. Several effective techniques are now avail-
able to protect the cerebral circulation from acci-
dental embolism, but how to rescue the brain from
an embolism is still a work in progress, because
of the potential for complications, failure, and the
need for multiple approaches [44-51]. It should be
emphasized that physicians performing CAS must
be familiar with intracranial vascular anatomy,
microcatheter navigation techniques, and the use
of thrombolytic agents, GP-IIb/Illa inhibitors, and
mechanical thrombectomy devices, in order to
provide stroke rescue treatment when embolic
complications occur during the stent procedure
(Fig. 15.7).

Key Points

*In a patient suffering from a neurological
event during CAS, if angiography fails to show
intracranial vessel occlusion, the patient will
most likely develop a minor stroke or a TIA and
can be treated with heparin and GP-IIb/IIIa
inhibitors.

* The presence of intracranial vessel occlusion may
be associated with progression to a major stroke
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F1G. 15.7. Fifty six year old female with acute stroke treated with mechanical thrombectomy under reversal of flow.
(A) Diagnostic angiogram showing complete occlusion of the left middle cerebral artery (MCA). (B) Follow up
angiogram after starting flow reversal shows partial recanalization of the Left MCA (C) A 2mm balloon was inflated
at the MCA and active aspiration preformed through the guiding catheter to avoid distal embolization. (D) Final
angiogram showing complete recanalization of the MCA with adequate flow to the MCA branches.

if left untreated, and aggressive recanalization
strategies are therefore advocated.

e GP-IIb/IIIa inhibitors should not be used rou-
tinely in carotid stenting as the incidence of
intracerebral bleeding was greater following the
administration of GP-IIb/Illa inhibitors in all
series evaluating its use.

* Although the effectiveness of intraarterial throm-
bolytic therapy for acute intracranial vessels
occlusion has been demonstrated by randomized
controlled trials, the drawbacks of this therapy
include an increased incidence of serious hemor-
rhagic complications and failure to achieve arte-
rial recanalization in approximately one third of
patients.

* In patients with embolic MCA occlusion, the
embolus is often so large as to be resistant to
thrombolysis, and time-consuming thrombo-
lytic therapy with high doses of thrombolytic
agents may be required, which may result
in a high incidence of bleeding. Mechanical
revascularization may be needed under these
circumstances.

Mechanical revascularization strategies, includ-
ing direct balloon angioplasty, and the use of
thrombectomy devices, may obtain rapid flow
restoration without the risk of intracranial bleed-
ing. The potential risks associated with mechanical
revascularization include arterial rupture, spasm,
and distal embolization.
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* Intracranial flow reversal can be used during acute
stroke as a means of eliminating distal emboliza-
tion and to facilitate mechanical embolectomy or
local drug delivery. Reversal of flow may prevent
distal embolization and help retrieve particles
from the cerebral vasculature.

* General anesthesia and local hypothermia are
desirable to reduce oxygen demand during cer-
ebral ischemia.
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Surveillance: Diagnosis
and Management of In-Stent Restenosis

Brajesh K. Lal, Babak Abai, and Robert W. Hobson II

Introduction

Carotid endarterectomy (CEA) is the preferred
treatment for symptomatic [1-3] and asympto-
matic [4, 5] patients with high-grade extracra-
nial carotid stenosis, compared with the best
medical therapy. The increase in the number of
CEAs done worldwide has resulted in a number
of post-CEA carotid restenosis (CR) cases. Carotid
artery stenting (CAS) has recently emerged as
a less-invasive alternative to CEA for cerebral
revascularization. Our institution [6-10], along
with others [11-14], has demonstrated that CAS is
technically feasible and safe in high-risk patients.
Two randomized trials [14, 15] and results from
the lead-in phase of the Carotid Revascularization,
Endarterectomy vs. Stent Trial (CREST) [16] reported
low periprocedural complication rates with CAS,
indicating clinical equipoise between the two pro-
cedures. This resulted in the approval of CAS in
the United States in high-risk patients with sig-
nificant carotid stenosis (=70%) and neurological
symptoms (ipsilateral stroke, transient ischemic
attack, and amaurosis fugax) [17]. Two additional
randomized trials were not able to demonstrate
equivalence of CAS with CEA with respect to
postprocedural stroke, myocardial infarction, or
death. These results notwithstanding, it is clear
that the number of CAS procedures will continue
to progressively increase until a more definitive
answer is available from larger studies powered to
assess superiority of one procedure over the other
(e.g., the NIH-sponsored CREST).

S. Macdonald and G. Stansby (eds.), Practical Carotid Artery Stenting,

Current reports indicate that the incidence of
post-CAS in-stent restenosis (ISR) ranges from
1-50% [6]. Therefore, it is anticipated that there
will be a corresponding increase in the number of
ISR cases. Considerable controversy still persists
regarding the clinical significance, natural history,
optimal diagnosis, threshold for management, and
appropriate intervention for ISR. This review ana-
lyzes current information on this important clinical
problem and presents evidence-based recommen-
dations for the diagnosis and management of recur-
rent carotid stenosis.

Pathophysiology of In-Stent
Restenosis

Two mechanisms can account for the restenosis that
occurs after carotid stenting. Restenosis early (<24
months) after the procedure is generally attributed
to intimal hyperplasia. This is a universal response
seen in any vascular bed subjected to vessel wall
injury. The exact mechanisms of this response are
not well known and are the subject of ongoing
research. Histologically, stenting is associated with
the migration and proliferation of smooth muscle
cells and fibroblasts and with the deposition of new
extracellular matrix. The initial response to the stent
is adherence of a fine film of protein on the metal
surfaces and thrombus in the interstices [18]. This
results in adherence of platelets and lymphocytes
and their activation leads to the release of cellular
mediators. These mediators stimulate proliferation
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of smooth muscle cells and collagen matrix and
result in neointimal hyperplasia. The injury from
stenting is prolonged and robust when compared
to that from angioplasty alone, and leads to a more
vigorous reaction [19, 20]. There is evidence that
the reactive process after stent injury goes beyond
the intima to the medial layer. Furthermore, it may
cause progressive atrophy in the adventitial layers
and form giant cell bodies [21].

Restenosis that occurs >24 months after carotid
stenting is generally believed to be caused by
progressive atherosclerosis [22, 23]. The same
mechanical, chemical, and physiologic processes
that led to the primary carotid stenosis are presum-
ably present and ongoing in the patient. These
processes, over time, can lead to recurrent athero-
sclerotic lesions in the carotid artery.

Rationale for Surveillance After
Carotid Artery Stenting

Intimal hyperplastic recurrence has been observed
after coronary stenting in 16-59% of cases and
after iliac stenting in 13-39% of reported series
[24]. A valid concern was that CAS could be asso-
ciated with equivalent rates of recurrent stenosis
within the stent (in-stent restenosis, ISR) during
follow-up. DeGroote and associates [25] empha-
sized the importance of using life-table methods
to determine the incidence of restenosis in the
context of patients undergoing CEA. Calculation
of an absolute restenosis rate (arteries with resten-
otic lesions/total carotid procedures) will generally
underestimate the incidence of restenosis, because
it is independent of the duration, frequency, and
completeness of clinical follow-up. Using this
principle, we have provided reliable estimates of
ISR after CAS [10] (Fig. 16.1). Over a follow-up
period of 1-74 months (mean, 18.8 + 10), 22 of
122 patients demonstrated ISR >40%. Although
restenotic lesions ranged from 40 to 99%, only
five patients demonstrated high-grade ISR (=80%).
The 5-year rate for ISR >80% using life-table
analysis was 6.4%. Cumulative 4-year rate of ISR
>60% was 16.4%, and of ISR >40% was 42.7%.
These observations were subsequently confirmed
by other authors [26]. Although ISR does not
appear to occur at the high rates associated with
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FiG. 16.1. Incidence of in-stent restenosis after carotid
artery stenting. Kaplan—-Meier cumulative event rates (a)
for clinically significant ISR >80%, (b) for ISR >60%,
and (c¢) for ISR >40%, after carotid artery stenting.
Number of patients at the beginning of each time interval
and standard error are indicated below the X axis of each
graph. N number at risk, SE standard error [10]

coronary stenting, a substantial number of patients
can be anticipated to progress. Clearly, some will
advance to high-grade ISR requiring reinterven-
tion. Therefore surveillance is essential after CAS
The majority of restenoses >40% in our series of
CAS procedures occurred within 18 months (13/22,
60%) of the procedure, and the majority of high-
grade restenoses >80% occurred within 15 months
(3/5, 60%) of their intervention [10] (Fig. 16.2). We
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Fi1G. 16.2. Distribution of in-stent restenosis cases based
on time of diagnosis from initial carotid artery stenting
procedure. Note that the majority of restenoses occurred
within 18 months of the initial carotid artery stenting
procedure. The dotted line identifies the 18-month post-
procedure mark. ISR, in-stent restenosis [10]

recommend that all patients undergoing CAS must
be placed in a regular follow-up protocol with more
frequent Duplex ultrasonography (DU) evaluations
early after CAS. In our own practice, we evaluate
patients every 6 months for the first 2 years, and
annually thereafter. We also recommend early reg-
istration of baseline velocity measurements after
CAS against which future results should be com-
pared. The first follow-up DU must occur as soon
after the procedure as possible, preferably during
the same admission. B-mode imaging spectral
waveform analysis must be used to supplement and
enhance the accuracy of velocity criteria. Elevations
in peak-systolic velocity (PSV) or ICA/CCA (inter-
nal carotid artery—common carotid artery) ratios
or both are indicative of developing ISR, and as
described in the following section, these patients
must then undergo angiographic evaluation when
appropriate thresholds are reached.

Diagnosis of In-Stent Restenosis

For the purposes of follow up, a diagnostic test
should be able to reliably predict the true lumi-
nal diameter of the carotid artery. Furthermore,
it should be inexpensive, easy to implement, and
readily available. The gold standard for such meas-
urements still remains multiplanar angiography;

however, it is invasive. The attendant complica-
tions render it less useful as a screening modality;
however, it can be used to confirm a recurrent
lesion prior to re-treatment. In addition to being
expensive, MRI and CT angiography still require
additional investigation to validate their accuracy.

The standard diagnostic and screening tool used
in the evaluation of primary carotid arterial stenosis
and in the follow-up of patients who have under-
gone CEA has been DU. DU correlates well with
angiographic levels of stenosis in the native carotid
artery. In addition, appropriate velocity criteria
using DU for determination of threshold degrees
of stenosis have been well established [27-29].
However, US velocity criteria have not been well
established for patients undergoing CAS. In 2004,
we reported that the placement of a stent altered the
biomechanical properties of the carotid territory
such that compliance was reduced [9] (Fig. 16.3).
We speculated that the enhanced stiffness of the
stent—arterial wall complex could render the flow—
pressure relationship of the carotid artery closer
to that observed in a rigid tube [30]. The native
artery allows some of the kinetic energy of blood
to change to potential energy of the arterial wall.
Since the compliance of the wall decreases with
stenting, there is no transfer of this kinetic energy
to the arterial wall. This could explain in part why
the blood flow velocities would be increased in the
presence of a stent. In this report, we compared
post-CAS ultrasound velocities with angiographi-
cally measured residual in-stent stenosis after
90 CAS procedures. Mean angiographic residual
stenosis after CAS was 5.4% while corresponding
PSV on US was 120.4 cm s™'. Receiver operating
characteristic (ROC) analysis demonstrated that
a combined threshold of PSV >150 cm s™!' and
ICA/CCA ratio >2.16 were optimal for detecting
residual stenosis >20%. We concluded that revised
velocity criteria would need to be developed to
identify higher grades of ISR in stented carotid
arteries.

Subsequently, at least four studies have tested
this hypothesis. Peterson et al. [31] compared DU
velocity and angiography in three patients with
high-grade ISR and proposed new criteria defining
ISR 270% (PSV >170, EDV >120). Stanziale et al.
[32] analyzed velocity/angiography observations
obtained primarily from procedural angiography
and angiography in patients with suspected high-grade
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F1G. 16.3. Carotid artery stenting alters the biomechani-
cal properties of the stent—arterial complex. Measurement
of elastic modulus (a) and compliance (b) of the
native internal carotid artery vs. stented internal carotid
artery [9]

ISR. They proposed new criteria defining ISR
>70% (PSV >350 and ICA/CCA ratio >4.75), and
ISR >50% (PSV >225 and ICA/CCA ratio 22.5).
Chi et al. [33] analyzed 13 pairs of US and angi-
ogram observations and offered criteria to define
ISR >70% (PSV >450 or ICA/CCA ratio >4.3) and
ISR >50% (PSV 2240 or ICA/CCA ratio >2.45).
Chahwan et al. [34] analyzed six pairs of obser-
vations from patients with high-grade ISR. They
concluded that larger studies would be required to
determine appropriate threshold criteria for high
grades of ISR. These studies confirm that ISR is
overestimated in the stented artery when velocity
criteria for native arteries are utilized. However,
procedural risks did not allow sufficient patients to
undergo angiographic follow-up, thereby limiting
the number of velocity/angiography comparisons.

Lal et al.

This explains why each report proposed different
threshold velocity criteria for ISR.

In a more recent report [35], we have compared
DU velocity measurements with luminal stenosis
measured by either angiography or CT angiog-
raphy during follow-up of all our CAS patients
(n = 310 observations). During DU, we measured
peak-systolic (PSV) and end-diastolic velocities
(EDV) in the native CCA; in the proximal, mid,
and distal stent; and in the distal ICA. The accu-
racy of CT angiography vs. CA was confirmed (7>
= 0.88) in a subset of patients (n = 19). Post-CAS
PSV (#*= 0.85) and ICA/CCA ratios (r*= 0.76) cor-
related most with the degree of stenosis. Receiver
operating characteristic (ROC) analysis showed
the following optimal threshold criteria: residual
stenosis >20% (PSV >150 c¢cm s~! and ICA/CCA
ratio >2.15), ISR >50% (PSV >220 c¢m s~!' and
ICA/CCA ratio >2.7), and ISR >80% (PSV >340
cm s~! and ICA/CCA ratio >4.15) (Fig. 16.4). Table
16.1 summarizes the New Jersey Medical School
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F1G. 16.4. Receiver operating characteristic (ROC) anal-
ysis to determine accuracy parameters of threshold
velocities appropriate for the identification of high-grade
in-stent restenosis (ISR) >80%; ROC curves were devel-
oped for PSV (bold black line), ICA/CCA ratios (red
line), EDV (green line), and PSV/EDV ratios (blue line)
for each threshold stenosis [35]
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TaBLE 16.1. New Jersey Medical School velocity criteria for the native and stented carotid arteries.

Stented carotid artery

Native carotid artery

0-19% PSV <150 cm s~ and ICA/CCA ratio <2.15 0-19% PSV <130 cm 5!

20-49% PSV 150-219 cm s7! 20-49% PSV 130-189 cm s7!

50-79% PSV 220-339 ¢cm s~! and ICA/CCA ratio >2.7  50-79% PSV 190249 c¢cm s~! and EDV
<120 cm s7!

80-99% PSV >340 cm s~! and ICA/CCA ratio >4.15 80-99% PSV >250 cm s~! and EDV >120

cm s}, or ICA/CCA ratio >3.2

PSV and EDV measurements for stented carotid arteries are taken within the stented segments PSV peak systolic velocity, ICA
internal carotid artery, CCA common carotid artery, EDV end diastolic velocity

(NJMS) velocity criteria [35] for the evaluation of
stented carotid arteries. While our results can be used
as guidelines, individual laboratories must develop
threshold criteria that are accurate for their own envi-
ronment. These proposed criteria can form the basis
for additional prospective validation studies.

Risk Factors for the Development
of ISR

Predictors for neointimal hyperplasia are the sub-
ject of continued investigation and there is limited
information on which factors constitute to the risks
for carotid ISR. Diabetes is a well-known predictor
of early and aggressive IH and ISR after coronary
artery stenting [36, 37]. One report has observed
an increased incidence of ISR in patients with
uncontrolled diabetes undergoing CAS [38]. Skelly
et al. [39] analyzed 109 CAS patients for risk fac-
tors that may lead to restenosis. Asymptomatic res-
tenosis occurred in 12 patients (11%); high-grade
ISR necessitating reintervention occurred in five
of those patients. Using Cox proportional hazards
modeling, they identified prior neurological symp-
toms (stroke, transient ischemic attack, amaurosis
fugax) and prior cervical radiation as significant
predictors of future ISR.

Primary stenting prevents carotid artery recoil
and constrictive remodeling [40], and post-CAS
ISR can be primarily attributed to neointimal
hyperplasia (IH) [40, 41]. Therefore the patterns
of developing IH lesions may reflect the aggres-
siveness of the intimal hyperplastic response and

may also predict the future development of high-
grade ISR (=80%), necessitating reintervention.
We assessed the morphologic patterns of ISR using
B-mode imaging in patients after CAS [42]. ISR
lesions were classified on the basis of their length
and location according to the NJMS classification
of patterns of post-CAS ISR [42]: type I (focal
<10-mm end-stent lesions), II (focal <10 mm,
intrastent), III (diffuse >10 mm, intrastent), IV (dif-
fuse >10 mm proliferative, extending outside the
stent), and V (total occlusion) (Fig. 16.5). We then
entered potential risk factors, including the pattern
of ISR, age, gender, hypercholesterolemia, diabe-
tes, hypertension, coronary artery disease, etiology
of primary stenosis, prior symptomatic status, prior
history of ISR, type of stent used, number of stents
used, length of stent, and residual stenosis after
CAS, into a multivariate regression model to deter-
mine independent predictors of future high-grade
ISR and the need for reintervention. Eighty-five
ISR lesions developed after 255 CAS procedures.
Their distribution was 40% (type I), 25.9% (type
1), 12.9% (type III), 20% (type IV), and 1.2%
(type V). Thirteen lesions were >80% diameter-
reducing, and underwent endovascular reinterven-
tion. A univariate analysis showed that the need
for reintervention was highest in type IV lesions
(p =0.001). A history of prior ISR (p = 0.003) and
of diabetes (p = 0.02) occurred more frequently
with type IV ISR lesions. On multivariate analysis,
it was found that only the type of ISR (odds ratio
[OR], 5.1) and a history of diabetes (OR, 9.7) were
independent predictors of high-grade recurrent ISR
and reintervention [42].



184

Type I: Focal end-stent

Type III: Diffuse intra-stent
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Type II: Focal intra-stent

Type IV: Diffuse proliferative

—

Type V: Total occlusion

FiG. 16.5. New Jersey Medical School (NJMS) classification of post-CAS instent restenosis. Type I is a focal end
stent lesion. Type Il is a focal intrastent lesion. Type Il is a diffuse intrastent lesion. Type 1V is a diffuse proliferative
lesion extending outside the stent. Type V is an occlusive lesion

Follow-up duplex US evaluations after CAS
must therefore include an assessment of the mor-
phologic pattern of ISR so that patients with type
IV lesions can be placed on a more intensive moni-
toring program (perhaps every 6 months for life).
Similarly, intensive monitoring is also warranted in
diabetic patients, in those with a history of cervical
radiation, and in those who have been treated for
ISR. Additional data are needed to validate these
recommendations in prospectively implemented
studies at multiple centers.

Management of Carotid Restenosis

The clinical significance of ISR is still debated.
Owing to the small number of patients who develop
significant ISR after CAS, and the lack of clinical
trials following up these patients for extended peri-
ods of time, it is a difficult issue to address. The
incidence of symptomatic CR after CEA ranges
from 0-8.2%, while asymptomatic CR occurs in
1.3-37% [43]. Consensus exists regarding the need
for treatment of symptomatic CR. In asymptomatic
CR, however, authors have acknowledged that the
risk of stroke or progression to total occlusion is
uncommon [22, 44]. On the basis of the low inci-
dence of symptoms in this cohort of patients, these
authors have proposed careful surveillance alone
for asymptomatic patients. This recommendation
was made in the absence of randomized trial data,
with the belief that neointimal hyperplasia carries a
low risk for embolization, and that reoperation may

carry an increased risk of perioperative neurologi-
cal events and cranial nerve palsies.

Conversely, other surgeons have taken a more
aggressive approach toward asymptomatic CR, and
elect to operate on high-grade (>80%) asympto-
matic lesions. In the report of O’Hara et al. [45] on
206 redo-CEAs, only 43% had symptoms. Mansour
et al. [46] operated on 82 CRs of which 66% were
symptomatic and the remaining had high-grade
asymptomatic stenoses >80%. The rationale for
this approach is that it is extremely difficult to pre-
dict which high-grade (>80%) lesions will progress
to occlusion. Our group subscribes to this view, and
we have reported our low complication rate with
redo-CEAs for asymptomatic high-grade (>80%)
and symptomatic (>50%) CR [6]. Our recommen-
dations for the management of ISR after CAS are
based on the published experience with CR after
CEA. Therefore, we recommend that symptomatic
patients with ISR >50% and asymptomatic patients
with ISR >80% should be considered for reinter-
vention.

Endovascular Treatment of Carotid
Restenosis

Most patients currently treated with CAS usually
harbor one of more high-risk features for CEA.
These risk factors will persist in the eventuality
that the patients develop ISR during follow-up. In
our program, patients developing >80% diameter-
reducing ISR undergo angiographic confirmation
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of the lesion and preferential endovascular treat-
ment [10, 24, 47]. As Table 16.2 demonstrates,
there are several available techniques for reinter-
vention. The fact that these multiple techniques
were used in a single cohort also implies that there
is currently limited consensus regarding the most
efficacious approach. Angioplasty alone is perhaps
the simplest means of intervention; however, the
hyperplastic lesions may recoil, resulting in incom-
plete restoration of luminal diameters. In these
situations, a cutting balloon may restore patency;
however, on occasion restenting may become nec-
essary. Research continues in the fields of systemic
or local pharmaceutical agents and local brachy-
therapy to prevent the neointimal hyperplasia.
There is limited long-term follow-up on these
patients, and further studies are needed to evalu-
ate durability of the results. Setacci et al. [48]
reported on 372 patients who had follow-up after
CAS. Fifteen patients underwent reintervention
for ISR >80%. Three patients were treated with
angioplasty alone; eight underwent restenting after
angioplasty; and four were treated with cutting
balloon angioplasty. The reinterventions were suc-
cessful in all patients and resulted in no morbidity
or mortality. Over a median follow-up of 12.4
months, there were no recurrent restenoses. Zhou
et al. [49] have recently reported on the successful
treatment of seven ISR lesions. In our most recent
publication [42], endovascular re-treatment was
required in 3 of 11 instances of type III ISR and 10
of 17 instances of type IV ISR (Table 16.2). The
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mean interval between CAS and reintervention was
18.2 months. We observed a significant increase in
reintervention in association with increasing levels
of ISR classification (0, 0, 27.3, and 58.8% for
types I-1V, respectively; y? trend =29.4; p = 0.001).
Procedural success was achieved in all these cases,
without evidence of any abrupt arterial closure or
neurological events. Endovascular treatment of
ISR resulted in similar percent diameter residual
stenoses in all instances and was not influenced
by ISR class. Three of the patients have required
repeat interventions. One patient has required two
repeated interventions over a follow-up period of 3
years. Increasing experience with the treatment of
these lesions will enable formulation of standard-
ized approaches and establish potential limitations
of repeated treatments. However, we currently
recommend angioplasty as the primary approach to
these intimal hyperplastic lesions, with restenting
in those cases with suboptimal results.

Surgical Management of Recurrent
Stenosis

Recurrent ISR after endovascular management
of ISR has been reported in our series as well as
by others [10, 24, 48, 49]. They tend to occur in
a small percentage of cases and respond well to
repeated angioplasty or stenting or both. Individual
instances of stent explantation and repeated endar-
terectomy have been reported by our group [47]

TABLE 16.2. Details of endovascular reinterventions done for in-stent restenosis after carotid artery stenting [35].

Patterns of ISR

Focal end-stent [

Focal intrastent 11

Diffuse intrastent IIT Diffuse proliferative IV

(n=34) (n=22) (n=11) n=17)
Incidence of TLR* 0 0 27.3 58.8
Devices used for treatment of
ISR (n)

Balloon angioplasty 0 0 1 3
Stent 0 0 1 5
Cutting balloon 0 0 0 1
Cutting balloon + stent 0 0 1 1
Posttreatment result (% resid- NA NA 104 £ 6.9 11.9+6.1

ual stenosis)

Values are expressed as percents
ISR in-stent restenosis,

TLR target lesion revascularization
*p =0.001
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and others [50, 51]. They are reserved for heavily
calcified lesions with suboptimal primary stenting
results [47], for preocclusive lesions no longer
responsive or approachable by angioplasty [50,
51], for technical failure of stent material [52],
or for primary stent thrombosis [53]. As we
gain experience in using endovascular approaches
toward recurrent lesions, and as technological
advances in catheters, guidewires, and stents occur,
we anticipate a decreasing need for explantation
operations.

Conclusions

We have restricted the majority of our clinical expe-
rience with CAS to post-CEA restenoses, surgically
inaccessible lesions, radiation-induced stenoses, and
patients presenting with prohibitively high medical
risks. CAS done for these indications appears to
be safe and associated with low recurrence rates.
Duplex ultrasonography is the preferred method of
monitoring the carotid artery after CAS. However,
revised velocity criteria must be utilized to deter-
mine the degree of restenosis. Most restenoses occur
early after CAS and the morphologic patterns of the
lesions predict the aggressiveness of the hyperplastic
reaction. Type IV patterns and diabetes predict a
higher risk of progression to >80% restenosis and
need for reintervention. Subsequent endovascular
reinterventions for ISR are technically feasible and
are associated with low morbidity.

Key Points

e Current reports indicate that the incidence of post-
CAS in-stent restenosis (ISR) ranges from 1-50%.
 Considerable controversy still persists regarding

the clinical significance, natural history, optimal

diagnosis, threshold for management, and appro-

priate intervention for ISR.

* Two mechanisms can account for the restenosis

that occurs after carotid stenting.

a. Restenosis early (<24 months) after the procedure
is generally attributed to intimal hyperplasia.

b. Restenosis that occurs >24 months after carotid
stenting is generally believed to be caused by
progressive atherosclerosis.

Lal et al.

e Calculation of an absolute restenosis rate
(arteries with restenotic lesions/total carotid
procedures) will generally underestimate
the incidence of restenosis, because it does
not account for the duration, frequency, and
completeness of clinical follow-up.

Patients who undergo CAS should have rou-
tine surveillance ultrasonography at baseline
and every 6 months for 2 years, and then
annually thereafter.

US velocity criteria have not been well
established for patients undergoing CAS,
and placement of a stent alters the biome-
chanical properties of the carotid territory
such that compliance is reduced.

Modified duplex US criteria for stented
carotid arteries should be used for the fol-
low-up evaluation of CAS patients.
Follow-up duplex US evaluations after CAS
must include an assessment of the morpho-
logic pattern of ISR so that patients with type
IV lesions can be placed on a more intensive
monitoring program. Additional candidates
for more intensive follow-up surveillance
may include diabetic patients and those with
a history of prior cervical radiation.
Symptomatic patients with ISR >50% and
asymptomatic patients with ISR of >80% are
candidates for reintervention.

The reintervention could take the form of
angioplasty, cutting balloon angioplasty,
restenting, or a combination.

In cases where endovascular reintervention
is not possible or contraindicated, open sur-
gical correction should be undertaken.
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Optimizing Outcomes

David Beckett and Peter A. Gaines

Introduction

Carotid angioplasty and stenting (CAS) is increas-
ingly used in the treatment of symptomatic severely
stenotic carotid disease. Since the introduction
of CAS, many technical and pharmacological
advances have been made to optimize the outcome
of the intervention. These factors have largely
addressed the risk of embolic stroke and include
patient selection, material choices, and ultimately,
the skill of the operator. In addition, to further
improve outcomes of CAS, there should be rec-
ognition of the nonembolic causes of stroke. This
chapter focuses upon what can be done to optimize
the outcome for the patient treated by CAS.

Patient Selection

Time to Intervention

In symptomatic patients (transient ischemic attack
(TIA), amaurosis fugax, and recovered stroke)
intervention upon the carotid stenosis is intended to
reduce the risk of stroke and death after the index
event. Any benefit gained is highly dependent on
the delay from presenting symptoms to interven-
tion. Since half of the 90-day events after the index
symptom occur in the first 48 h, greatest benefit is
seen in patients treated within the first 2 weeks [1].
As an example of how effective this policy would
be, for patients with a high-grade stenosis (50%
stenosis or more) the number needed to undergo

S. Macdonald and G. Stansby (eds.), Practical Carotid Artery Stenting,

surgery to prevent one ipsilateral stroke at 5 years
is 5 for those treated less than 2 weeks from their
TIA vs 125 for those treated outside 12 weeks. No
similar data are available for CAS but it is reason-
able to assume that the same improved benefit
would apply.

Specific Selection Criteria

Decision-making as to the relative suitability of
CAS or CEA for a patient with carotid disease
is complex. It is likely that several factors will
impact upon the risk of complications for both the
modalities in the same way (e.g., general medical
fitness of the patient and age). Certain considera-
tions, however, are specific for CAS and will be
considered further.

Vessel Anatomy

Because the morphology of the arch branch vessels
will determine whether the case is suitable for CAS
and the choice of materials used, it is important that
such information is available before intervention
is begun. In addition, morphological contraindica-
tions are related to the experience of the operator.
Such morphological information can reasonably be
obtained quickly with helical CT, MR angiography,
or catheter angiography. Preprocedural imaging
should at least assess the severity of the lesion, and
the anatomy of the arch and the common carotid
and internal carotid vessels. Origin disease of the
branch vessels should be avoided for routine CAS
since catheterization of these vessels will put the
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patient at risk of stroke. Alternative strategies can
be considered (e.g., combining CAS with CEA by
a surgical approach to the common carotid artery
(CCA)). Tortuosity of the CCA makes access to the
ICA difficult. With experience this can usually be
overcome, but the inexperienced operator should
avoid such cases. Tortuosity of the ICA makes
placement of a filter protection device difficult and
increases the risk that a stent will cause a kink and
occlude the vessel. Although alternative strate-
gies can be devised (e.g., reverse flow cerebral
protection, flexible stent) where there is marked
tortuosity, CEA, probably as an eversion technique,
should be strongly considered.

Hammer et al. described a relationship between
embolic load as defined by DW-MRI and difficult
anatomical variations [2]. Arch angle <45° or tor-
tuosity of the CCA were associated with a higher
embolic load within the anterior circulation (36%
vs. 5%).

A further study by Faggioli et al. [3] set out to
establish the risk of CAS complications in patients
with aortic arch anomalies. Of 214 consecutive
patients undergoing CAS, 189 (88.3%) had normal
arch anatomy and 25 (11.7%) had arch anomalies.
The arch abnormalities included common origin
of brachiocephalic trunk and left CCA, separate
origin of right subclavian and common carotid, and
left common carotid agenesis with separate arch
origin of internal and external carotid. Technical
failure was higher in the arch anomaly group;
however, the difference did not reach statisti-
cal significance (89.6% vs. 76.4%). Neurological
complications occurred more frequently in the arch
anomaly group (20% vs. 5.3%, p = 0.039).

These studies support the concept that focused
manipulation within the arch and careful patient
selection based on evaluation of the arch and tor-
tuosity of the extracranial carotid circulation will
reduce the number of embolic events. Direct can-
nulation of the symptomatic carotid vessel should
be attempted only during CAS and not during
preprocedural imaging.

Plague Analysis

The indication for CAS is mostly based on the per-
centage of stenosis and the presence or absence of
preprocedural neurological symptoms. Plaque analy-
sis informs the clinician not only on the decision to
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intervene but may predict the outcome following an
intervention. Whether prior knowledge may help us
decide between CEA and CAS is currently under
debate and as yet this question remains unanswered.

The echogenicity of plaque is determined by
its composition. Areas of intraplaque hemorrhage
and lipid-rich plaques are homogenously echo-
poor. There has been much discussion regarding
the ICAROS study [4]. Biasi et al. showed that
carotid plaque echolucency as defined by a grey
scale medium (GSM) of <25 increases the risk of
stroke in CAS. Complication rate was 5.3% for
symptomatic vs. 2.8% for asymptomatic patients.
Within the GSM > 25 subset, rates fell to 3.3% vs.
0.6% respectively. This study failed to demonstrate
that these patients were better treated with CEA
than with CAS. In addition, a later study by Reiter
et al. [5] demonstrated that plaque echolucency
measured by objective and subjective grading
did not identify patients with an increased risk of
peri-interventional neurological events in patients
undergoing elective CAS from a prospective sin-
gle-center registry database.

High-resolution MRI provides a more detailed
analysis of plaque than echography. MRI identifi-
cation of ruptured plaque correlates with a history
of TIA/Stroke. Plaque composition may be deter-
mined in vivo. Qualitative assessment of plaque
components according to a high-resolution MRI
classification is possible. Tissue quantification is
accurate and reproducible. In a study by Saam et al.
[6], 31 subjects scheduled for carotid endarterec-
tomy were imaged with a 1.5T scanner using time-
of-flight-, T1-, proton-density-, and T2-weighted
images. A total of 214 MR imaging locations
were matched to corresponding histology sections.
For MRI and histology, area measurements of
the major plaque components such as lipid-rich/
necrotic core, calcification, loose matrix, and dense
(fibrous) tissue were recorded as percentages of
the total wall area. MRI measurements of plaque
composition were statistically equivalent to those
of histology for the lipid-rich/necrotic core, loose
matrix, and dense (fibrous) tissue. Calcification
differed significantly when measured as a percent-
age of wall area.

Ultimately, plaque analysis may help us to define
and stratify disease subsets (active vs. inactive) and
successfully aid in clinical decision-making. To
this end, there have been several studies published.
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Bosiers et al. [7] sought to identify whether carotid
stent design, especially free cell area, impacts on the
30-day rates for stroke, death, and TIA after CAS.
In a procedure heavily dependant on well-designed
medical devices, it is to be expected that questions
will be asked as to whether all stents are equal.
This study was not without its limitations; CAS
was done within each unit’s existing standards of
care. Given that stent selection was tailored towards
individual patients, the allocation of stent design
was not random. In addition, a stent with a small
cell area (NexStent) had the second worse outcome
in asymptomatic patients [8]. To date there is no
good evidence to indicate whether any one stent has
better outcomes over another. Nevertheless, device
characteristics most likely affect outcome and this
represents an area for future research.

Patient-Based Training vs.
Simulation-Assisted Training
Pathways

Of late there has been a shift away from the
traditional time-based learning methods towards
competency-based assessment and training. Mentor
assessment and the so-called apprenticeship model
of training have been criticized for lacking objec-
tivity, while logbook experience may correlate
poorly with ability [9]. While few patients suffer
adverse outcomes following CAS, this makes
evaluation and assessment of an individual’s skills
difficult when based on clinical outcome alone.

In addition to technical proficiency, a sound range
of cognitive skills are required. A successful
blend of clinical management skills and knowledge
of pathology, natural history, neuroanatomy, and
physiology is required. Such a skills base would be
best achieved by the formation of a clinical man-
agement team.

Within the UK, current recommendations for
training in CAS [10] include the following:

* An interventionalist should not enter CAS until
basic endovascular experience is achieved.
* A program with 3 stages.

— A structured day of lectures with live cases.
The lectures will cover clinical, surgical, and
pharmacological management of CAS. The
whole multidisciplinary team should attend.
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— A visit to observe cases within an established
center.

— A proctor attends the hospital to train the inter-
ventionalist to the satisfaction of the proctor.

To date, one of the most compelling trials to sup-
port the need for adequate training and experience
is the EVA-3S trial, a randomized noninferiority
trial of CAS vs. CEA [11]. At 6 months, the inci-
dence of any stroke or death was 6.1% after endar-
terectomy and 11.7% after stenting (p = 0.02). The
natural conclusion from the trial was that CEA
had better outcomes at 30 days and 6 months.
But is the answer that simple? Possibly not. Some
insight into the hugely different outcomes lies in
the respective skills of the operators undertaking
CEA and CAS. To undertake CEA, the surgeon
needed to have done at least 25 endarterectomies
before entering the trial. To undertake CAS little or
no experience was required. Not only was training
severely limited but so was experience. A total of
30 centers participated. Half the work was done
within 5 centers and the other half within 25 cent-
ers. The average enrolment per center was there-
fore only 1.7 patients per year. Such limitation in
training and experience explains the high crossover
from CAS to CEA and probably some of the high
30-day complication rates in the CAS arm.

But how much experience is required to under-
take CAS? Data from CAVATAS suggest that
the more cases that are performed, the better the
results [12]. The exact number of cases that should
be undertaken per year to ensure maintenance of
clinical skills is unclear, but published data suggest
around 25. In a recent single-center study it was
only after the first 195 cases that the yearly major
stroke rate remained stable at less than 2% [13].

The Role of Virtual Reality

Issues relating to patient safety when training
for complex procedures, which carry substantial
risk, have fuelled an interest in simulation train-
ing. Satava first described virtual reality (VR) as
a method for surgical procedural skills training in
1991 [14]. In 2002 level-1 evidence was published
that demonstrated the efficacy of simulation for
improving intraoperative performance in mini-
mally invasive surgery [15]. Within the USA the
Food and Drug Administrations approval of an
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TABLE 17.1.
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Trial

Inclusion criteria Primary end point

Carotid Revascularization Endarterectomy vs.
Stent Trial (CREST)
Transatlantic Asymptomatic Carotid Intervention Trial (TACIT)

Asymptomatic Carotid Surgery Trial 2 (ACST-2)
Carotid Angioplasty and Stenting vs. Endarterectomy in

Asymptomatic Subjects with Significant Extracranial
Carotid Occlusive Disease Trial (ACT 1)

260% Stenosis 30 day stroke/death/MI
4 year ipsilateral stroke
30 day stroke/death/MI
3 year ipsilateral stroke
30 day stroke/death/MI
5 year ipsilateral stroke
30 day stroke/death/MI

1 year ipsilateral stroke

>70% Stenosis

>80% Stenosis

TABLE 17.2. Commercially available simulators now in
use for CAS training.

Simulator Manufacturer
ANGIO Mentor Simbionix USA, Cleveland, OH
Endovascular Immersion Medical,
AccuTouch System Gaithersburg, MD
SimSuite Medical Simulation, Denver, CO

VIST: Procedicus
vascular intervention
system training
simulator

Mentice AB, Goteborg, Sweden

endovascular device for CAS included, for the first
time, a requirement for training, which included
procedural steps on a VR simulator. Several com-
mercially available simulators now exist for use in
CAS training (Table 17.2).

Simulation offers the possibility of reducing the
learning curve, enabling the trainee to gain both
cognitive and procedural experience without risk
to the patient. Patel and colleagues instructed 20
interventional cardiologists in angiography and
had the subjects perform 5 serial simulations [16].
There were measurable improvements between the
first and the fifth intervention, based on procedure
time, contrast used, fluoroscopy time, and catheter
handling errors. This suggests that some reduction
in the learning curve can occur on the simulation.
Performance on an endovascular simulator has also
been shown to discriminate between novices and
experienced endovascular clinicians.

Van Herzeele et al. [17] set out to objectively
assess psychomotor skills acquisition of experi-
enced interventionalists attending a 2-day CAS
course, using a VR simulator. Significant differ-
ences were noted between pre- and postcourse per-

formance for procedure (36 vs. 20 min), X-ray (20
vs. 11 min), delivery-retrieval time of the embolic
protection device (12 vs. 9 min), inappropriate
advancement of the guiding catheter, without a
leading wire occurred to a greater extent pre- vs.
postcourse, and degree of spasm of the internal
carotid. This study has objectively proven a benefit
for experienced interventionalists to attend CAS
courses for skills acquisition measured by a VR
simulator. These data can be used to offer par-
ticipants an insight into their skills and objectively
audit course efficacy.

Future directions for VR simulation are likely to
concentrate on procedural competency. It has the
potential to be used as a method of cognitive and
technical assessment. As an educational tool, it has
the promise to make training safer and more effi-
cient. It is clear from the literature that VR simula-
tors are likely to accelerate the learning curve but
do not replace clinical experience.

Medical Therapy

Atherosclerosis is a systemic disease. Clinical mani-
festation of disease in one arterial territory is highly
suggestive of disease elsewhere within either the
carotid or the peripheral vascular tree. In our aims
to optimize outcomes particular attention should be
paid to both the peri- and postprocedural periods.

Antiplatelet Therapy

There is level-1 evidence for the use of aspirin in
the secondary prevention of stroke. In addition to
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aspirin all patients should receive 75 mg clopidog-
rel 5 days prior to the procedure (where this is not
possible an oral loading dose of 300-600 mg can
be given the day before) and continued for at least
30 days following CAS. The benefit of combined
aspirin and clopidogrel in CAS was demonstrated
in a trial that randomized patients between either
aspirin and 24-h heparin or aspirin and clopidogrel
[18]. The neurological complication rate in the
24-h heparin group was 25%, compared with 0%
in the clopidogrel group (p = 0.02). The 30-day
50-100% stenosis rates were 26% in the heparin
group and 5% in the clopidogrel group. It was
concluded that the dual antiplatelet regime had
a significant impact on reducing adverse neuro-
logical outcomes without an additional increase in
bleeding complications. This study was terminated
prematurely because of an unacceptable level of
complications in the heparin arm of the trial.

The CARESS (clopidogrel and aspirin for reduc-
tion of emboli in symptomatic carotid stenosis) trial
proved the effectiveness of the combination of clopi-
dogrel and aspirin, compared with aspirin alone, in
reducing the presence and number of microembolic
signals (MES) in patients with recently sympto-
matic carotid stenosis [19]. Patients were screened
with TCD, and if MES were detected, they were
randomized to clopidogrel and aspirin or aspirin
monotherapy. Intention-to-treat analysis revealed
a significant reduction in the primary end point:
43.8% of dual-therapy patients were MES-positive
on day 7, compared with 72.7% of monotherapy
patients. The secondary end point of MES fre-
quency per hour was reduced in the dual-therapy
group at day 7 and by 61.6% on day 2.

These studies add to the literature on the use of
combined antiplatelet regimes in CAS and support
the evidence that platelet aggregation plays a criti-
cal role in stent occlusion and embolic complica-
tion. There is not any level-1 evidence to suggest
the optimum period of treatment. Stent endothe-
liazation is slow and may take up to 96 days. Use
of clopidogrel outside this period is therefore not
advocated. Current expert opinion suggests the use
of clopidogrel for 28 days following CAS.

Statin Therapy

Cholesterol-lowering regimes have been well estab-
lished in the management of stroke patients. Statins
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exert their effect by stabilizing the plaque. Crisby
et al. [20] set out to investigate the effect of 3
months of pravastatin treatment on the composi-
tion of human carotid plaques removed during
carotid endarterectomy. He concluded that pravasta-
tin decreased lipids, lipid oxidation, inflammation,
MMP-2, and cell death and increased TIMP-1 and
collagen content in human carotid plaques, confirm-
ing its plaque-stabilizing effect in humans. To what
extent this could be translated into clinical benefit
was observed by Groschel and colleagues [21].

Groschel et al. [21] set out to retrospectively
determine whether preprocedural statin treatment
was associated with a reduction of cardiovascular
events after carotid angioplasty and stent place-
ment (CAS) in patients with symptomatic carotid
stenosis. Consecutive patients (n = 180) from the
prospective database underwent CAS for high-
grade symptomatic carotid disease. The frequency
of cardiovascular complications between 127
patients without preprocedural statin treatment and
that of 53 patients with preprocedural statin treat-
ment at CAS were compared. The overall 30-day
myocardial infarction rate was 2/180 (1%) patients,
the minor stroke rate was 16/180 (9%) patients, the
major stroke rate was 1/180 (0.5%) patients, and the
death rate was 2/180 (1%) patients. The incidence
of cardiovascular events (composite of stroke,
myocardial infarction, and death within 30 days
after CAS) was significantly different between
patients with preprocedural treatment (4%) and
those without preprocedural statin treatment (15%)
(»p < 0.05). They concluded that preprocedural
statin therapy appears to reduce the incidence of
stroke, myocardial infarction, and death within 30
days after CAS. Future prospective randomized
trials are warranted to further assess this potential
protective effect of statin drugs during carotid
interventions.

Procedural Heparin

Anticoagulation is mandatory because of long
catheter dwelling times, selective catheterization
of the carotid vessels, and reduced flow. Zaman
et al. [22] demonstrated that on average 3,000
units of heparin provides 30 min of anticoagula-
tion while 5,000 units will achieve anticoagulation
for 45 min. Procedure length will be dependant on
both operator experience and the complexity of the
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case. It is currently our practice to give 7,500 units
of heparin once arterial access has been achieved in
the safe knowledge that it will adequately cover a
procedure that on average takes 45 min.

Procedural Glycoprotein IIb/II1a
Antagonists

Glycoprotein IIb/Illa antagonists work by reduc-
ing thrombus propagation and stabilization after
stenting. The neurological sequel in carotid stent
patients receiving glycoprotein IIb/IIla inhibitors
has been shown to be more numerous and conse-
quential and hence the use of GP IIb/IIla inhibitors
in carotid stenting should be discouraged. Their
use may be warranted in the event of acute stent
thrombus or distal embolization but the data to sup-
port this are poor [23].

Procedural Considerations

Cerebral Protection Devices

Stroke is the most feared risk of CAS and in the
majority of cases this probably results from the
liberation of embolic material. In more than 90%
of treatment episodes emboli are detected by tran-
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scranial Doppler. To reduce the rate of procedural
complications, strategies to avoid cerebral emboli-
zation in the form of embolic protection devices
(EPD) have been used. EPD can be divided into 3
principal types (Table 17.3).

1. Distal Occlusion Balloons
2. Filters
3. Proximal protection (flow arrest vs. flow reversal)

While their use would appear to be intuitive,
they do have complications of their own. What
data are there to demonstrate that the use of EPDs
conferred benefit?

Observational Data

Kastrup et al. [24] conducted a systematic review
of studies reporting on the incidence of minor
stroke, major stroke, or death within 30 days after
CAS for studies published between January 1990
and June 2002. In 2,357 patients a total of 2,537
CAS procedures had been done without protection
devices, and in 839 patients 896 CAS procedures
had been done with protection devices. The com-
bined stroke and death rate within 30 days in both
symptomatic and asymptomatic patients was 1.8%
in patients treated with cerebral protection devices,
compared with 5.5% in patients treated without.

TaBLE 17.3. Examples of the 3 principal types of embolic protection devices.

Size (mm) Pore size (um)
Distal filtration
Angioguard XP (Cordis) 4-8 100
FilterWire EZ (Boston Scientific) 3.5-5.5 80
SpiderRy™ (EV3) 3-7 50-200
AccuNet Ry (Guidant) 4.5-7.5 115
Rubicon filter (Rubicon) 4-6 100
EmboShield (Abbot) 3-6 140
Interceptor (Medtronic) 4.5-6.5 100
TRAP (Microvena) 2.5-7 65-200

Distal balloon occlusion
PercuSurge™ GuardWire (Medtronic)

Proximal flow arrest

Elastomeric balloon mounted on a 0.014-in. hypotube. This is in turn attached
to a floppy-tipped angioplasty wire.

Protects the brain from embolization by two highly compliant atraumatic

balloons, blocking antegrade blood flow from the common carotid artery

Moma™ (Invatec)

Flow reversal
ArteriA™ (Gore)

and retrograde blood flow from the ECA.
Occludes both IC and ECA. Blood is shunted into the femoral vein.
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This effect was mainly due to a decrease in the
occurrence of minor strokes (3.7% without cerebral
protection vs. 0.5% with cerebral protection) and
major strokes (1.1% without cerebral protection vs.
0.3% with cerebral protection), whereas death rates
were almost identical.

The Wholey Registry comprised data from major
interventional centers in Europe, North and South
America, and Asia [25]. The survey addressed the
relevant issues of the patients enrolled, procedure
techniques, and results of carotid stenting, includ-
ing complications and restenosis. The combined
minor and major strokes and procedure-related
death rate was 3.98%, based on procedure number.
Subsets of questions were directed at the new use
of distal embolic protection devices. There were
6,753 cases performed without protection, which
incurred a 5.29% rate of strokes and procedure-
related deaths. In the 4,221 cases with cerebral
protection, there was a 2.23% rate of stroke and
procedure-related death.

From July 1996 to March 2003, 1,483 patients
from 26 hospitals were included in the prospec-
tive CAS Registry of the ALKK study group [26].
A protection device was used in 668 of 1,483
patients (45%). The use of a PD led to a 10-min
longer intervention. Patients treated with a PD had
a lower rate of ipsilateral stroke (1.7% vs. 4.1%,
p = 0.007) and a lower rate of all nonfatal strokes
and all deaths (2.1% vs. 4.9%, p = 0.004) during
the hospital stay. A similar reduction could be
found for symptomatic as well as asymptomatic
carotid artery stenosis.

In 2004 Reimers et al. [27] published data from
the Italian registry. Two hundred and seventy-five
consecutive patients underwent percutaneous angi-
oplasty and/or stenting of the extracranial carotid
artery between June 1997 and July 2001. In the
first 125 (45.4%) patients, the procedures were
done without cerebral protection. After January
2000, protection devices were routinely used. In
the unprotected group, 5 (4.0%) complications
occurred: 3 minor strokes, 1 TIA, and 1 subarach-
noid hemorrhage. In the patients treated under
cerebral protection, there were 2 complications: 1
minor stroke and 1 subarachnoid hemorrhage. There
were 4 periprocedural embolic complications in the
unprotected group, vs. 1 in the protected patients.
The authors concluded that the use of the cerebral
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protection systems reduced the acute neurological
event rate related to embolic complications by 79%
within the registry population, although the overall
event rate was low.

Boltuch et al. [28] examined procedure-related
complications and neurological adverse events of
unprotected over-the-wire (OTW) and protected
rapid exchange (RX) carotid artery stenting (CAS)
in a single-center patient series during an 8-year
period. Procedure-related complications occurred
in 86 (18.3%) of 471 unprotected OTW CAS pro-
cedures vs. 18 (10.0%) of 180 protected RX CAS
procedures (p = 0.010). Transient ischemic attacks
(3.2% vs. 2.8%), minor stroke (1.7% vs. 0.6%),
and major stroke (2.1% vs. 0.6%) showed a trend
toward a difference between unprotected OTW and
protected RX CAS (p = 0.076); combined 30-day
stroke/death rates were 3.8% for OTW vs. 1.2% for
RX CAS (p = 0.073).

In contrast, the German Pro-CAS registry pub-
lished data from 2000 to 2003. There was no dif-
ference in permanent neurological deficit between
unprotected and protected groups [29].

Despite the high volumes of literature published
surrounding the use of EPD, these studies, at best,
represent level-III/IV evidence. Protected patients
have been compared with historical controls and
the growing technological advances are all too easy
to overlook. Technical advances in the form of ded-
icated carotid stents have significantly improved
the outcome in comparison to adapted stents.
CAVATAS has demonstrated the impact of the
learning curve, and pharmacological support has
increased in the form of dual antiplatelet regimes
consisting of aspirin and clopidogrel.

Randomized Trial Data

There are no adequately powered RCT to assess
protected vs. unprotected CAS. If all the stroke
and death rates in the systematic review for stud-
ies reporting after 2002 were analyzed to prove
noninferiority of unprotected CAS more than 2,000
patients would be required. This number would
further increase in any superiority trial. Data
pertaining to RCT focus around the EVA-3S and
SPACE trials [11, 30]. The Safety Committee of
the EVA-3S trial, published in 2004, recommended
stopping unprotected CAS because the 30-day rate



196

of stroke was 3.9 (0.9-16.7) times higher than that
of CAS with cerebral protection (4/15 vs. 5/58).
The 30-day results from the randomized SPACE
trial, comparing CAS and carotid endarterectomy,
indicated that the ipsilateral stroke and death rate
was 7.3% in those patients in whom protection
had been used and 6.7% in unprotected patients.
That is to say there was no significant difference
between the two groups. The data are conflicting
and although the benefits of routine use of cerebral
protection have not been confirmed by level-1 evi-
dence, a consensus supports such use.

Predilation

Predilatation is recommended for all patients. A
suggestion that predilatation may be of benefit
prior to stent placement came from the stopped
“Leicester Trial” when the protocol mandated pri-
mary stent placement without prior balloon dilata-
tion [31]. The outcomes were dreadful. Bosiers
et al. subsequently noted a significant difference
in the amount of neurological complications in
patients treated with primary stenting, compared
with the subgroup receiving PTA before stent
implantation (3-year stroke/death rates of 11.8%
and 5% respectively) [32]. They hypothesized
that predilatation premodels the plaque, causing
a reduction in plaque protrusion through the stent
material.

Stent Selection and Design

The number of carotid stents on the market has
risen. The use of a specific stent design in relation
to lesion characteristics has brought about the con-
cept of “tailored” CAS. Knowledge of the vascular
anatomy, plaque characteristics, and complexity
of the case is essential. The currently available
devices differ in relation to their conformity, scaf-
folding/free cell area, radial strength, and degree
of foreshortening, and they can be summarized as
being one of the following:

* Cobaltalloy structure —e.g., The Carotid Wallstent
(Boston Scientific)

e Nitinol open cell — e.g., Acculink (Guidant),
Exponent (Medtronic), Protege (EV3), Precise
(Cordis)

* Nitinol closed cell — e.g., Xact (Abbott)
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It remains unclear as to whether, for the same
patient, one stent system is better than another.
Experience has shown that the open cells do not
straighten the ICA as much as closed cell designs
or the Wallstent does and it is therefore reasonable
to use these when there is tortuosity of the ICA so
that this tortuosity is not converted to an occlusive
kink. In addition, it is reasonable to use a stent with
high radial force in heavily calcified lesions.

Strategies for Avoidance
of Nonembolic Stroke

Hemodynamic Depression

Hemodynamic disturbances following carotid
intervention are common. The physiological mech-
anisms relating to this phenomenon are complex.
The removal of atheromatous plaque during CEA
reduces pressure wave dampening with a resultant
increase in baroreceptor stimulation. A more sus-
tained fall in blood pressure in those undergoing
CAS has been shown to relate in part to the disten-
sion of the carotid sinus from compressed plaque
during angioplasty and from additional pressures
exerted from the stent. A more sustained effect on
blood pressure has been seen during the postpro-
cedural period in those patients in which a stent is
used over angioplasty alone. Subset analysis has
shown a significant difference in blood pressure
response in the balloon-expandable group, with a
more marked lowering of systolic blood pressure
over the first 24 h. The additional radial force seen
in balloon-mounted stents may explain this.

It is clear that hemodynamic instability is com-
mon, but to what extent is it clinically significant?
Gupta et al. [33] at the Cleveland clinic retro-
spectively analyzed data on 500 consecutive CAS
procedures over a 5-year period. Hemodynamic
depression was defined as periprocedural hypo-
tension (systolic blood pressure, <90 mmHg) or
bradycardia (heart rate, <60 beats per second).
Hemodynamic depression occurred during 210 pro-
cedures (42%), whereas persistent HD developed in
84 procedures (17%). Features that independently
predicted HD included lesions involving the carotid
bulb or the presence of a calcified plaque. Prior ipsi-
lateral CEA was associated with reduced risk of HD.
Although HD is common following CAS, it is easily



17. Optimizing Outcomes

managed. Patients who developed persistent HD
were at a significantly increased risk of a periproc-
edural major adverse clinical complications. Indeed
further studies have shown a correlation between the
magnitude of change in systolic pressure and the
severity of neurological events.

In a recent study by Tan et al. [34] symptomatic
hypotension occurred in 7 of 204 patients. In the
7 patients with symptomatic hypotensive events
postprocedure, the mean difference in systolic
pressure before and immediately after stenting was
42.9 mmHg and the mean difference in diastolic
pressure was 22.0 mmHg. In comparison, in the
197 patients with no symptomatic hypotensive
events, the mean difference in systolic pressure
before and after stenting was 13.3 mmHg and that
in diastolic pressure was 3.3 mmHg. Subanalysis
of hemodynamic changes showed that patients
with significant reduction in diastolic pressure
(15 mmHg or more) immediately after CAS are at
higher risk for symptomatic hypotension.

Avoidance of Hemodynamic Instability

Appropriately timed administration of atropine (1.2
mg) or glycopyrrolate (600 pg) prior to predilatation
helps to prevent baroreceptor stimulation leading
to bradycardia. Administration of isoprenaline has
been shown to reduce the occurrence of both brady-
cardia and periprocedural hypotension [35]. There
is however a dilemma here. It is likely that keeping
systolic pressure low may protect against reperfusion
injury (see below). It is not our practice therefore to
attend to any hypotension in the majority of patients.
The associated increase in baroreceptor activity is
thought to be a short-term phenomenon and there is
evidence to suggest that they may reset early with
prompt mobilization of the patient.

Hyperperfusion Syndrome

Cerebral hyperperfusion syndrome is character-
ized by headache, hypertension, seizures, and
focal neurological deficits. Following restoration
of flow during either CAS or CEA, there is tran-
sient loss of cerebral autoregulation with areas
of hyperperfusion in previous areas of underper-
fusion. One study with perfusion MRI reported
4 patients with symptoms suggestive of cerebral
hyperperfusion syndrome but with only moderate
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increases in perfusion [36]. Recent data on CAS
have highlighted an overall incidence of up to
5% [37]. Many conditions may predispose to
cerebral hyperperfusion syndrome. The evidence
is somewhat clouded by confounding factors for
atherosclerosis. Nevertheless, acknowledgment of
predisposing factors for hyperperfusion syndrome
is essential for prompt recognition and treatment:
hypertension, diabetes, recent contralateral CEA,
high-grade carotid artery stenosis, contralateral
carotid occlusion, incomplete Circle of Willis,
preoperative hypoperfusion, and periprocedural
infarction. Factors aimed at avoidance of cerebral
hyperperfusion include the following:

* Aggressive monitoring of blood pressure within
the periprocedural period and up to 2 weeks fol-
lowing CAS

e Limiting the duration of balloon inflation

* Educating the support teams (nurses, junior doc-
tors, general practioners)

Contrast Encephalopathy

Contrast encephalopathy following CAS is rare.
Transient neurotoxicity after carotid interventions
must be differentiated from massive cerebral infarc-
tion and hyperperfusion syndrome, but the prognosis
is excellent. The volume of contrast should be kept to
a minimum and hence the complexity of the proce-
dure should correlate with the operator experience.

Stent Thrombosis

The available literature suggests that the incidence
of acute stent thrombosis is 0.5-2%. As previously
alluded to within this chapter, there is level-1 evi-
dence to support the use of aspirin and clopidog-
rel during CAS [18]. Mechanisms of antiplatelet
drug resistance include poor compliance, interac-
tions with other drugs, genetic polymorphism,
and increased platelet turnover. More research
is needed to assess the clinical significance and
prognostic value of antiplatelet drug resistance
detected by laboratory tests in patients undergoing
CAS. Future work may help identify a subgroup of
patients at high risk for CAS.

The inappropriate choice of stent in the setting of
a tortuous ICA may result in subacute thrombosis.
A closed cell, nonconforming stent may propagate
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a kink which if left untreated could have significant
hemodynamic consequences. In this situation the
placement of an additional open cell, conforming
stent is indicated. The choice of stent design in
relation to the lesion being treated is discussed
elsewhere in this chapter.

Key Points

e Patient selection: Decision-making as to the
relative suitability of CAS is complex. Studies
support that careful patient selection, based on
evaluation of the arch and tortuosity of the extrac-
ranial circulation will reduce embolic events.
Device characteristics most likely affect out-
come. To what extent represents an area for
future research. As to whether prior knowledge
of plaque characteristics can help us to decide
between CEA or CAS is currently under debate.
There are no data to support the use of CAS rou-
tinely in asymptomatic patients.

Training: Data from RCTs, in particular the EVA-3S
trial, have shown us that training and experience
matter. The exact number of cases that should be
undertaken per year to ensure maintenance of clini-
cal skills is unclear and appears self-serving. There
is growing interest in the role of virtual reality but
it remains as yet to be validated.

Adjunctive pharmaceuticals: There exists level-1
evidence for the routine use of aspirin and clopi-
dogrel in the periprocedural period. Retrospective
analysis of registry data suggests that benefit is
conveyed through statin therapy. The synergistic
nature of peripheral and cardiac disease should
warrant their use. Routine use of glycoprotein
[Ib/I1a is not recommended. Preprocedural statin
therapy appears to reduce the incidence of stroke,
myocardial infarction, and death within 30 days
after CAS. This at best represents level-3 evi-
dence.

Cerebral protection and procedural considera-
tions: Observational data and those from RCT
are conflicting. There are no adequately pow-
ered RCT to assess protected vs. unprotected
CAS and although the benefits of routine use of
cerebral protection have not been confirmed by
level-1 evidence, a consensus supports their use.
It remains unclear as to whether, for the same
patient, one stent system is better than another.

Beckett and Gaines

Experience has shown that the open cells do not
straighten the ICA as much as closed cell designs
or the Wallstent does. In addition, it is reasonable
to use a stent with high radial force in heavily
calcified lesions.

Ultimately, if the clinicians follow the above guide-
lines, know how to resolve common complications,
plan carefully around their limitations, and have
a good understanding of the available technology
they can optimize their outcomes from CAS.
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