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Key points

� Carotid revascularization is indicated in symptomatic patients with �50% and in
asymptomatic patients with �70% stenosis.

� CEA is the gold-standard carotid artery revascularization method in both symp-
tomatic and asymptomatic patients.

� TCAR is preferred to TFCAS in patients with symptomatic carotid artery stenosis
who are deemed to be high-risk for surgery.

� The decision to perform carotid revascularization in patients with asymptomatic
stenosis who are deemed high-risk for surgery should be individualized based on
multiple factors.
INTRODUCTION
Cerebrovascular accident (CVA) is generally defined as an acute neurologic
deficit resulting from compromised intracranial blood supply. The CVA is
called stroke if it lasts for more than 24 hours. On the other hand, transient
ischemic attack (TIA) is defined as an acute onset neurologic deficit with symp-
toms lasting less than 24 hours [1]. Stroke is among the major causes of
disability and mortality in the United States and worldwide. The majority of
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strokes are ischemic [2]. Ischemic strokes are classified into further categories
including cardioembolic, large vessel disease, small vessel disease, and unusual
or undetermined etiologies. One of the major preventable causes of primary
and recurrent ischemic strokes is extracranial carotid artery disease (ECAD)
resulting from atherosclerotic lesions of cervical carotid artery [3,4]. Thus, ca-
rotid revascularization with carotid endarterectomy (CEA) or carotid artery
stenting (CAS) plays a key role in the prevention of stroke.

Patients with a prior cerebrovascular episode are at significantly increased
risk of recurrent events and the risk of recurrent stroke is associated with
the degree of carotid stenosis. Patients with asymptomatic atherosclerotic ca-
rotid plaque have also a substantial risk of cerebrovascular events but the asso-
ciation between the degree of stenosis and subsequent stroke is less clear in
asymptomatic lesions [5–7]. The main purpose of carotid revascularization is
the prevention of recurrent and new neurologic events in patients with symp-
tomatic and asymptomatic carotid artery stenosis, respectively [8].

INDICATIONS OF CAROTID ARTERY REVASCULARIZATION

Management of extracranial carotid artery disease

All patients with cerebrovascular diseases should first undergo risk factor modi-
fication by best medical therapy (BMT). BMT includes antiplatelet therapy,
lipid profile management (mostly statins), antihypertensive therapy, and other
risk factor managements (eg, smoking cessation and glycemic control) [9–11].
Carotid revascularization (CEA or CAS) is considered in certain patients
with ECAD and the indications are determined based on the symptomatic sta-
tus, the degree of stenosis and a number of other factors (eg, high-risk
morphology of the carotid plaque) [12–15].

After considering a patient with ECAD for carotid revascularization, the
next important decision is the choice between CEA and CAS. CAS has been
traditionally performed through transfemoral access (TFCAS) [16]. However,
CAS through transcarotid access has been introduced in recent years. This
novel technique is called transcarotid artery revascularization (TCAR) [17].
The technical details and outcomes following TCAR in comparison with
CEA and TFCAS are the main scope of this article.
Societal guidelines

American Heart Association (AHA) [9,10,18] and Society for Vascular Surgery
(SVS) [11,19,20] have published guidelines describing the indications of CEA
and CAS in patients with symptomatic and asymptomatic carotid stenosis.
Symptomatic carotid artery stenosis

Symptomatic carotid stenosis predisposes the patients to the substantial risk of
recurrent ipsilateral neurologic event. The severity of stenosis is also associated
with increased risk of ipsilateral stroke if appropriate revascularization is not
considered. Multiple landmark clinical trials have confirmed the benefit of ca-
rotid revascularization, namely CEA, over medical therapy alone for symptom-
atic carotid stenosis [21–23]. CEA is currently recommended for symptomatic
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patients with greater than 50% stenosis. CAS is a less invasive alternative treat-
ment when high-risk anatomic or medical factors prohibit a safe CEA (Table 1)
[9–11,19,20,24].
Asymptomatic carotid artery stenosis

Carotid revascularization for asymptomatic disease is more controversial. Evi-
dence from several clinical trials support the performance of CEA in asymp-
tomatic patients with high-grade stenosis to prevent de novo neurologic
events; however, it is essential to consider that when these studies were per-
formed, optimal BMT consisted primarily of aspirin therapy [25–27]. Accord-
ing to most recent recommendations from SVS, CEA is recommended over
BMT alone in asymptomatic patients with greater than 70% stenosis with
low surgical risk. CAS might be an alternative to CEA in asymptomatic pa-
tients with severe carotid stenosis who are at high risk for CEA based on
anatomic or medical risk factors, provided that the procedure-related risk is
less than 3%. It has been also recommended that both CEA and CAS be per-
formed in asymptomatic patients with greater than 5-year life expectancy and
only in centers where the procedure-related risks are less than 3% (see Table 1)
[9–11,19,20,24].

CAROTID ENDARTERECTOMY VERSUS CAROTID ARTERY
STENTING: THE ROLE OF TRANSCAROTID ARTERY
REVASCULARIZATION
Carotid endarterectomy is considered the standard method of carotid revascu-
larization and is favored over TFCAS in most patients with symptomatic or
asymptomatic carotid stenosis. Several multi-institutional randomized clinical
trials in North America and Europe have revealed that TFCAS is associated
with unfavorable outcomes mostly due to higher risks of procedural stroke
and death compared to CEA. However, a number of trials have shown that
CEA and TFCAS have comparable results in long-term follow-up [28–31].
There are certain medical and anatomic conditions that are considered high-
risk factors for CEA and TFCAS (Tables 2 and 3). Generally, in patients
with one of the high-risk criteria for CEA, CAS is considered [32]. The most
important considerations when selecting a patient who might be appropriate
for CEA, TFCAS or TCAR are as follows.
Age

Age is one of the most important factors in deciding the best method of carotid
revascularization. According to recommendations of AHA and SVS, CEA may
be associated with more favorable outcomes compared with TFCAS for pa-
tients older than 70 years, particularly when anatomic factors limit the perfor-
mance of a safe minimally-invasive procedure [9,10,33,34]. In older patients,
TCAR is an appropriate alternative technique particularly when the patients
are considered high-risk for CEA [35]. Severe atherosclerosis including the
atherosclerotic plaques in the aortic arch is associated with advanced age.
This results in higher stroke risk with TFCAS in the elderly compared to



Table 1
Indications of CEA and CAS in symptomatic and asymptomatic carotid stenosis based on societal guidelines

Society American Heart Association [9,10,18] Evidence Society for Vascular Surgery [11,19,20] Evidence

Symptomatic CEA CEA is recommended for patients with
severe stenosis (70% to 99%) if the
perioperative morbidity and mortality
risk is estimated to be <6%.

Class I, LOE: A CEA is preferred over trans-femoral CAS
in low/standard risk patients with
a >50% symptomatic carotid artery
stenosis.

Grade 1, LOE: A

CEA is recommended for patients with
moderate stenosis (50% to 69%)
depending on patient-specific factors,
such as age, sex, and comorbidities, if
the perioperative morbidity and
mortality risk is estimated to be <6%.

Class I, LOE: B

CAS CAS is indicated as an alternative to CEA
for symptomatic patients at average or
low risk of complications associated
with endovascular intervention when
stenosis is >70% by noninvasive
imaging or >50% by catheter
angiography, CTA or MRA and the
anticipated rate of procedure-related
stroke or mortality is <6%.

Class IIa, LOE: B CAS is preferred over CEA in symptomatic
patients with more than 50% stenosis
and hostile neck, or lesions that extend
proximal to the clavicle or distal to the
C2 vertebral body.

Grade 2, LOE: B

CAS is reasonable in patients with >70%
stenosis when CEA is high risk due to
anatomic or medical factors or in cases
of radiation-induced stenosis or
restenosis after CEA and the anticipated
rate of procedure-related stroke or
mortality is <6%.

Class IIa, LOE: B CAS is also preferred over CEA in
symptomatic patients with >50%
stenosis and severe uncorrectable CAD,
CHF, or COPD.

Grade 2, LOE: C
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Asymptomatic CEA CEA in reasonable in asymptomatic
patients who have >70% stenosis if the
risk of perioperative stroke, MI, and
death is low.

Class IIa, LOE: A CEA is recommended in low surgical risk
asymptomatic patients with a stenosis
of >70% (documented by validated
duplex ultrasound or CTA/
angiography).

GRADE 1, LOE: B

In asymptomatic patients with high risk for
CEA, BMT is recommended. CEA can
be considered in these patients only
with evidence that perioperative
morbidity and mortality is <3%.

GRADE 1, LOE: B

CAS Prophylactic CAS might be considered in
highly selected patients (minimum 60%
by angiography, 70% by validated
Doppler ultrasound), but its
effectiveness compared with BMT alone
in this situation is not well established.

Class IIb, LOE: B There are insufficient data to recommend
CAS as primary therapy for
neurologically asymptomatic patients
with 70% to 99% diameter stenosis. In
highly selected patients, CAS is
equivalent to CEA in the hands of
experienced interventionists provided
that the combined stroke and death rate
be <3%.

GRADE 2, LOE: B

In asymptomatic patients with high risk for
CEA, CAS should not be performed
except as part of an ongoing clinical
trial.

GRADE 1, LOE: B

Abbreviations: BMT, best medical therapy; CAD, coronary artery disease; CAS, carotid artery stenting; CEA, carotid endarterectomy; CHF, congestive heart failure; COPD,
chronic obstructive pulmonary disease; CTA, computed tomography angiography; LOE, level of evidence; MRA, magnetic resonance angiography.
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Table 2
High-risk anatomic factors for CEA and TFCAS

CEA TFCAS

Prior neck surgery or irradiation Stenosis >90%
Contralateral carotid occlusion Ulcerated plaques
Contralateral recurrent laryngeal nerve palsy Fresh thrombus
Restenosis after CEA >10 mm target lesion length
High (Above C2) or low (Below clavicle)

lesions
Circumferential severe calcification

Severe tandem lesions Innominate artery or left CCA severe stenosis,
occlusion, or tortuosity

Esophagostomy or Tracheostomy Severe kinking of ICA
Bilateral stenosis requiring treatment Eggshell or shaggy aorta
Cervical immobility Type III aortic arch

Suboptimal arterial access for sheath
placement

Abbreviations: CCA, common carotid artery; CEA, carotid endarterectomy; ICA, internal carotid artery;
TFCAS, transfemoral carotid artery stenting.
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CEA. TCAR avoids the manipulation of the atherosclerotic aortic arch and
have shown promising results in older patients [36]. In the largest Vascular
Quality Initiative (VQI) study on the association of age and outcomes of ca-
rotid revascularization performed by our team, comparison of TCAR to
CEA across different age groups showed no significant differences in outcomes,
and no interaction was noted between treatment and age in predicting in-
hospital stroke/death. Moreover, TCAR was associated with decreased odds
of in-hospital stroke (OR ¼ 0.28 [95% CI: 0.12–0.65]; P<.01), and in-
Table 3
High-risk medical factors for CEA and TFCAS

CEA TFCAS

New York Heart Association
class III/IV CHF

Symptomatic stenosis

LVEF<30% Procedures within 14 d of neurologic deficit
Abnormal stress test Severe allergy to contrast media
Unstable angina or recent

myocardial infarction
Advanced age (>70 y)

Need for CABG Chronic Kidney Disease
Severe COPD
Uncontrolled diabetes
Uncontrolled hypertension
Liver failure with elevated PT
Chronic Kidney Disease

Abbreviations: CABG, coronary artery bypass graft; CEA, carotid endarterectomy; CHF, congestive heart
failure; COPD, chronic obstructive pulmonary disease; LVEF, left ventricular ejection fraction; PT, prothrom-
bin time; TFCAS, transfemoral carotid artery stenting.
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hospital stroke/death (OR ¼ 0.35 [95% CI: 0.20–0.62]; P<.001) compared with
TFCAS in patients �80 years [37].
Sex

The impact of sex on outcomes of CEA and CAS are conflicting with several
studies demonstrating that females may benefit less from CEA and CAS
compared to their male counterparts [38,39]. The most important concern in
women is greater stroke rates following carotid revascularization due to higher
restenosis rates [40]. A recent multi-institutional study from our team assessed
the outcomes of CEA, TFCAS, and TCAR in two separate cohorts of males
and females. Interestingly, stroke/death rate in 1-year for TCAR was similar
to CEA in both sexes; however, TFCAS was associated with higher risks of
1-year stroke/death compared with CEA in both sexes [41].
Cardiac morbidity

Carotid endarterectomy is associated with a higher risk of cardiac complica-
tions compared to CAS and most surgeons favor CAS over CEA in a patient
with advanced congestive heart failure, unstable angina and recent myocardial
infarction (MI) [42–44]. Consequently, major cardiac risk factors are a relative
indication for CAS in patients with symptomatic carotid artery disease. TCAR
is the safer approach in these patients with lower risk of stroke and death
compared to TFCAS [45].
Chronic kidney disease and dialysis

Among medical factors, severe chronic kidney disease (CKD) is considered a
high-risk factor for all types of carotid revascularization [46]. The intravenous
contrast dye during TFCAS and TCAR may precipitate renal failure and cause
end-stage renal disease in patients with severe CKD [47]. Therefore, the deci-
sion to perform carotid revascularization and the type of revascularization
should be individualized in patients with severe CKD. The risk of CEA in he-
modialysis patients with asymptomatic and symptomatic carotid stenosis is also
high. In asymptomatic patients undergoing hemodialysis, the risks of CEA may
outweigh the benefits and should only be offered to highly selected patients
[48]. CAS has been shown to be associated with relatively poor long-term sur-
vival and prohibitive operative stroke and death risk in hemodialysis patients
[49]. However, in a recent national study from our team, in patients undergo-
ing TCAR, no difference in the risk of in-hospital stroke or death between the
dialysis and non-dialysis patients was found [50].
Technical pitfalls of transfemoral carotid artery stenting

Several technical drawbacks in TFCAS make it unsuitable in certain anatomic
features and increase the procedure-related risks. TFCAS necessitates
advancing a catheter through the atherosclerotic (shaggy aorta, eggshell aorta,
and so forth) and often tortuous aortic arch to cannulate the innominate or left
common carotid artery (CCA) [51]. Moreover, navigating the lesion before es-
tablished neuroprotection and incomplete protection due to misaligned distal
embolic protection device (EPD) make TFCAS more challenging (Fig. 1).



Fig. 1. Anatomic embolic risk factors of transfemoral carotid artery stenting. Both advancing
a catheter through the aortic arch and navigating the lesion before the establishment of neuro-
protection increase the risk of embolization. (Courtesy of Silk Road Medical, Inc.; Silk Road
Medical, Inc. retains and reserves all rights, including copyrights.)
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TCAR has the attractive advantage of avoiding the aortic arch and establishing
neuroprotection prior to any manipulation of the carotid bulb [52,53]. Further-
more, the technique of neuroprotection with flow reversal in TCAR seems to
provide more protection. Flow reversal provides a reverse flow in the ipsilateral
carotid and therefore, prevents distal embolization of the detached atheroem-
bolic particles [54]. Prospective studies have shown that TFCAS is associated
with more new ischemic lesions on diffusion-weighted magnetic resonance im-
aging (MRI) in posttreatment scans compared to CEA [55]. We have shown
that TCAR has better outcomes compared to transcervical CAS with distal
EPD [54].
High-risk factors for transcarotid artery revascularization

Anatomic and medical factors considered high risk for TCAR have also been
defined (Table 4). Certain anatomic conditions that relate to the carotid artery
itself, for example, severe kicking of the internal carotid artery (ICA) or thick
circumferential calcifications, are deemed to be high-risk anatomic factors for
both TFCAS and TCAR. However, severe kinking of ICA at the planned
distal EPD deployment location is a high-risk anatomic factor for TFCAS
only because TCAR is performed by flow reversal without the need for distal
EPD deployment. Significant tortuosity of the ICA at the stenting site would be
considered high-risk for both TFCAS and TCAR [19,56,57].

In a study of the VQI database by our team, TCAR demonstrated favorable
outcomes compared with TFCAS among patients with calcification greater
than 50% of the carotid circumference. Compared with TFCAS in patients
with heavy calcification, TCAR was associated with decreased odds of



Table 4
High-risk anatomic and medical factors in patients undergoing transcarotid artery revascular-
ization

Anatomic Medical

ICA diameter < 4 mm Nickel allergy
Clavicle to carotid bifurcation distance

< 5 cm
Bleeding disorder

CCA diameter < 6 mm Contraindication to aspirin
Severe ICA tortuosity Contraindication to P2Y12 inhibitors
Severe circumferential calcification Contraindication to anticoagulation
Moderate to severe puncture site plaque

at the proximal CCA
Severe CKD

Abbreviations: CCA, common carotid artery; CKD, chronic kidney disease; ICA, internal carotid artery.

123ROLE OF TRANSCAROTID ARTERY REVASCULARIZATION
stroke/death (OR ¼ 0.50 [95% CI: 0.32–0.8]; P ¼ .004), and stroke/death/MI
(OR ¼ 0.58 [95% CI: 0.39–0.87]; P ¼ .008) [58]. In another study, we showed
that carotid lesion length negatively impacts in-hospital outcomes for both
TCAR and TFCAS. However, for lesions longer than 25 mm, TCAR appears
to be safer than TFCAS with regard to the risk of in-hospital stroke (aOR ¼ 0.7
[95% CI: 0.5–0.9]; P ¼ .009) and death (aOR ¼ 0.3 [95% CI: 0.2–0.4]; P<.001)
[59].

In patients at high risk for CEA and unfavorable anatomical factors for both
TFCAS and TCAR, the decision to perform carotid revascularization and the
type of intervention should be individualized based on multiple patient factors.
BMT might be the safest option in asymptomatic high-risk patients.
Contralateral carotid occlusion

Outcomes of CEA in patients with contralateral carotid occlusion (CCO) has
been controversial [60,61]. In a recent analysis from the VQI database in pa-
tients by CCO by our team, TCAR was associated with a significant reduction
in the odds of in-hospital stroke or death regardless of symptomatic status
compared to TFCAS. There was no significant difference between TCAR
and CEA in odds of in-hospital stroke or death. However, in asymptomatic pa-
tients, TCAR was associated with a 54% reduction in the odds of stroke
(OR ¼ 0.46 [95% CI ¼ 0.21–0.97]; P ¼ .04) but no significant differences
were observed in symptomatic patients [62].
Hostile neck

History of prior neck irradiation, tracheostomy, esophagostomy, or other neck
surgeries such as prior CEA or radical neck dissection can result in significant
tissue scaring around the carotid artery territory and create a hostile neck. Hos-
tile neck is considered a high-risk anatomic factor for CEA with a significant
increase in the risk of cranial nerve injury (CNI) and wound complications.
CAS is generally preferred in these patients [63,64]. In an analysis of VQI data-
base by our team, TFCAS showed an almost four-fold increase in risk of in-
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hospital death (aOR ¼ 3.77 [95% CI: 1.49–9.53]; P ¼ .005) and technical fail-
ure (aOR ¼ 3.69 [95% CI: 1.82–7.47]; P<.001) among patients with hostile
neck anatomy compared with TCAR [65].
Early carotid revascularization in symptomatic patients

Carotid revascularization, preferably CEA, is recommended 2 to 14 days
following the onset of symptoms (early phase) in patients with recent stroke
and carotid stenosis �50% [19,66,67]. In an analysis of the VQI database in
symptomatic patients undergoing TCAR, our team found that the best timing
of intervention by TCAR is also between 2 and 14 days following the neuro-
logic event [68]. In another analysis of the VQI database, we showed that the
outcomes of TCAR are comparable to CEA in symptomatic patients undergo-
ing carotid revascularization between 2 and 14 days following the neurologic
event (in-hospital stroke/death, aOR ¼ 1.1 [95% CI: 0.7–1.7]; P ¼ .66), while
TFCAS had higher risk of stroke/death in all time periods compared to CEA
[69].

TRANSCAROTID ARTERY REVASCULARIZATION: TECHNIQUE,
PERIOPERATIVE COURSE AND SURVEILLANCE

Transcarotid artery revascularization technique
Anesthesia, neuro-monitoring, and positioning

Transcarotid artery revascularization may be performed under general or loco-
regional anesthesia. Using loco-regional anesthesia permits intraoperative
neurologic examination. If TCAR is being performed under general anesthesia,
we recommend a neuro-monitoring method chosen by the operator. It is pref-
erable to perform TCAR in a standard hybrid operating room. Blood pressure
monitoring is essential during TCAR and is utilized through an arterial line.
Patients are positioned similar to CEA, supine on the operating room table
and a shoulder roll is placed. The neck is turned to the contralateral side
[70–72].
Access and flow reversal

The arterial access in TCAR is the CCA. Cut-down by a 2 cm longitudinal or
transverse incision in the triangle between the superior border of the clavicle
and the sternal and clavicular heads of the sternocleidomastoid muscle is per-
formed (Fig. 2). We prefer a longitudinal incision to allow access for longer
segment of the CCA. The proximal CCA is dissected circumferentially and
a vessel loop is placed as proximally as possible under direct vision. A purse
string or U stich with a 5-0 polypropylene suture is placed on the anterior
adventitial surface of the CCA. This helps to close the arterial puncture site
once the procedure is completed. In order to have an optimal access for
TCAR, a CCA diameter �6 mm and clavicle-carotid bifurcation distance
(landing zone) �5 cm is required (see Table 4) [72].

After the arterial dissection, femoral vein access is obtained by micropunc-
ture technique under ultrasound guidance. The 8 French venous sheath is
then placed over 0.035-inch stiff wire. Heparin is administered to keep



Fig. 2. (A) The anatomic landmarks for cut-down of common carotid artery during transcaro-
tid artery revascularization. (B) Longitudinal incision. (Courtesy of Silk Road Medical, Inc.; Silk
Road Medical, Inc. retains and reserves all rights, including copyrights.)
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activated clotting time (ACT) >250 seconds. For arterial access, a micro-needle
used in the center of pre-placed purse string polypropylene suture. Microwire
(0.018-inch) is inserted only 3 to 5 cm. Microsheath is then inserted only 2 cm
over the microwire. Angiogram is performed by gentle injection of 2 to 3 cc of
contrast to help delineate the carotid bifurcation. If the external carotid artery
(ECA) is healthy, we recommend engaging by advancing the microwire fol-
lowed by the microsheath with dilator. The stiff 0.035-inch wire with floppy
tip is then inserted into the microsheath with the distal tip into the ECA. If
the ECA is severely diseased or if the lesion is in the distal CCA, we recom-
mend ‘‘stop short technique’’ by placing the tip of the wire in the distal
CCA (Fig. 3). Next, the 8 Fr arterial access sheath is inserted over the wire.
We recommend at least two views for angiographic confirmation of true lumen
position of the sheath. Having better purchase with the wire and possibly
dilating the opening of the CCA by inserting the tip venous sheath dilator
over the stiff wire only ½ cm into the CCA are techniques that can reduce
the risk of accidental CCA dissection during access placement. After obtaining
arterial and venous accesses, the flow controller is connected to the arterial ac-
cess sheath and a column of arterial blood is allowed to fill the line held upward
passively prior to connecting it to the venous sheath initiating passive flow
reversal. TCAR time out is then performed (Table 5). Then the CCA is
clamped under direct vision proximal to the arterial puncture site to initiate
active flow reversal (Fig. 4) [72,73].



Fig. 3. (A) When common carotid artery (CCA) is less than 5 cm and proximal external ca-
rotid artery (ECA) is free of disease, the engage the ECA technique is used. (B) When disease
is present in distal CCA or bifurcation, stop short technique is used. (Courtesy of Silk Road
Medical, Inc.; Silk Road Medical, Inc. retains and reserves all rights, including copyrights.)
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Stenting of the carotid

First, predilation is performed with a 2 to 4 mm diameter, 15 to 20 mm length
balloon. The balloon is inflated slowly and then gradual deflation is started
immediately. In authors’ experience, predilation with larger diameter balloons
is not required and a smaller balloon is usually adequate to prepare the lesion
for stenting. Second, the ENROUTE self-expanding nitinol stent is deployed
on 57 cm delivery system (Fig. 5). This is specifically designed for TCAR
and the stents are available in 20, 30, or 40 mm lengths and diameters between
5 and 10 mm. The stent is oversized 1 to 2 mm larger in diameter than the
CCA and self-tapers into the ICA. In addition to the ENROUTE self-
Table 5
Time-out for transcarotid artery revascularization

TCAR time-out

Check devices All wires, balloons and stent are open,
flushed and ready to be used.

Maintain heart rate around 70 beats per
minute

Patient received glycopyrrolate (a bolus dose
of 0.2–0.4 mg)

Adequate anticoagulation Confirm ACT > 250 s
Monitor SBP SBP is maintained >160 mm Hg to allow

appropriate delta to the venous pressure,
which is essential for adequate flow
reversal.

Abbreviations: ACT, activated clotting time; SBP, systolic blood pressure; TCAR, transcarotid artery revascu-
larization.



Fig. 4. ENROUTE TransCarotid Neuroprotection & Stent System. The flow controller and the
reversal of flow from arterial sheath in transcarotid artery revascularization. The blood is re-
turned to the circulation through the venous sheath. The flow controller has two flow settings
and allow temporary cessation of flow via a flow stop button. (Courtesy of Silk Road Medical,
Inc.; Silk Road Medical, Inc. retains and reserves all rights, including copyrights.)
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expanding nitinol stent, other stent systems can be used in conjunction with
ENROUTE cerebral protection device as well [72].

Data regarding the poststent balloon dilation is controversial and is recom-
mended for significant residual stenosis (>40%). However, unlike TFCAS,
we have found that poststent ballooning during TCAR is not associated with
increased postoperative in-hospital stroke/death but is associated with a slight
increase in TIA [74,75]. We recommend poststent ballooning only in lesions
with significant circumferential calcification or residual stenosis greater than
50%. Like TFCAS, completion angiography is also performed to confirm
proper stent placement and expansion. However, we have shown that routine
performance of intracerebral angiography after TCAR is not beneficial [76].
Fig. 5. The ENROUTE self-expanding nitinol stent is deployed through transcarotid access.
(Courtesy of Silk Road Medical, Inc.; Silk Road Medical, Inc. retains and reserves all rights,
including copyrights.)
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Therefore, the completion angiography after TCAR should be limited to the
ascertainment of the technical success and complete intracerebral views are
not necessary.

Finally, CCA clamp is removed to restore the antegrade flow. The arterial
access sheath is removed and the arteriotomy is closed by tying the sutures.
The femoral vein sheath is removed as well [72]. Heparin reversal or drain
placement may be considered [77].
Perioperative medications

Some surgeons prophylactically administer glycopyrrolate prior to predilation
to prevent potential bradycardia and hypotension. Severe hypotension and
bradycardia during the procedure is managed by aggressive volume expansion
and intravenous atropine (0.4–1 mg). Moreover, phenylephrine and dopamine
should be readily available to be used when necessary [18,78]. In our experi-
ence, avoiding poststent ballooning reduces the risk of hemodynamic
instability.

Dual antiplatelet therapy (DAPT) with aspirin and clopidogrel is started at
least 4 days prior to TCAR. Statin is also administered before and after the pro-
cedure. DAPT is continued for a minimum of 30 days after TCAR [79–81] but
it is preferable to be continued for 12 months. Aspirin at 81 mg/d and statin
therapy are continued indefinitely.
Postoperative care
Postoperative course

Following an uneventful TCAR, patients should be monitored for 24 hours, as
an embolic stroke, hypotension with or without bradycardia or hypertension
can occur during this early postoperative period [71,78]. It should be ascer-
tained that the postoperative neurologic assessment continues to be normal
or at baseline. In patients undergoing TCAR, a routine postoperative check
should ensure that the incision site is clean, dry, and intact, that there is no ev-
idence of a hematoma. Moreover, if a drain is present, it should be evaluated to
ensure no active collection of bright red blood is present. The patients may be
discharged 1 day after TCAR if there were no significant events overnight.
Postoperative surveillance

Surveillance duplex imaging should be initially obtained at first office visit and
then 6 months after TCAR and annually thereafter [18].
COMPLICATIONS OF TRANSCAROTID ARTERY
REVASCULARIZATION
Perioperative complications of transcarotid artery revascularization
The most significant procedural complication of CAS is stroke. TFCAS has
been associated with increased risk of perioperative stroke compared with
CEA due to the manipulation of the aortic arch and the carotid atherosclerotic
plaque before the placement of EPD. However, the periprocedural risk of
stroke after TCAR is significantly lower than TFCAS and comparable to
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that of CEA in several non-randomized studies [45,82,83]. Like TFCAS, acute
stent thrombosis following TCAR can occur and should be managed immedi-
ately. We have recently performed stent salvage procedures with TCAR under
cerebral flow reversal to manage acute stent thrombosis.

Cervical hematoma is rare following TCAR. Reversal of heparin with prot-
amine at the termination of the procedure may be helpful in preventing
bleeding complications after TCAR [77]. MI is another serious complication
following TFCAS and TCAR but the rates are significantly lower when
compared to CEA [52,82,83]. CNI is very rare complication in patients under-
going TCAR because the dissection field is limited to proximal CCA in TCAR
compared to CEA [83,84]. The vagus nerve is in the proximity of CCA and
injury to this nerve can be avoided by meticulous dissection and careful clamp-
ing [72]. Patients undergoing CAS are at an increased risk of intracranial hem-
orrhage as compared to CEA, particularly in patients with hypertension or
bilateral carotid stenoses. Cerebral hyperperfusion manifests by a severe head-
ache and cerebral edema on brain imaging [85,86]. There is no specific study
on intracranial hemorrhage following TCAR in the literature. CCA dissection
is another rare complication of TCAR. Careful placement of the carotid sheath
as described above and confirmation of true lumen by angiography prior to the
placement of the main arterial sheath can minimize the risk of dissection.
Dissection identified on angiogram should be treated by stenting [87].
Restenosis following carotid revascularization

There is no midterm or long-term data on restenosis rate after TCAR in the
literature. Independent predictors of restenosis following carotid revasculariza-
tion in Carotid Revascularization Endarterectomy versus Stenting Trial
(CREST) were female sex, dyslipidemia, and diabetes. The rates of restenosis
following TFCAS versus CEA did not differ significantly in the CREST trial
at 2 years (6% vs 6.3%; P ¼ .58) [40]. Likewise, a retrospective analysis of
VQI data of 35,720 patients by our team also found no difference in restenosis
rates between CEA and TFCAS in 2 years (7.7% vs 9.4%; HR ¼ 0.99 [95% CI:
0.79–1.25]; P ¼ .97) [88]. Since the mechanism of restenosis in CAS is related to
patient factors and vessel-stent interactions rather than the access site used, it
can be predicted that the restenosis rate following TCAR would be similar
to TFCAS.

Most surgeons prefer CAS over CEA in patients with restenosis following
CEA to avoid redo surgery in the neck and prevent CNI [89,90]. In fact, prior
neck surgery is considered as a high-risk anatomic factor for CEA [65,91]. On
the other hand, in-stent restenosis following CAS may be treated either by a
redo-CAS or by CEA. CEA may be indicated in the cases of stent kinking
or fracture [92–95].

The role of TCAR in the treatment of restenosis after prior CEA has been
studied by our team. Analysis of 4425 patients with restenosis after CEA in
VQI demonstrated that TCAR was associated with lower odds of in-hospital
stroke/death (OR ¼ 0.41 [95% CI: 0.24–0.70]; P ¼ .021), and MI
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(OR ¼ 0.32 [95% CI: 0.14–0.73]; P ¼ .007), when compared with redo-CEA.
TCAR was also associated with lower odds of stroke/TIA (OR ¼ 0.37 [95%
CI: 0.18–0.74]; P ¼ .005) when compared with TFCAS [96]. In another na-
tional study from our team, CEA and CAS following prior CAS were
compared. There was no significant difference in 30-day stroke (OR ¼ 0.82
[95% CI: 0.15–4.48; P ¼ .82), 30-day mortality (OR ¼ 2.21 [95% CI: 0.54–
9.11]; P ¼ .27), as well as 1-year stroke (HR ¼ 0.60 [95% CI: 0.13–2.85];
P ¼ .52) and 1-year mortality (HR ¼ 0.83 [95% CI: 0.42–1.65]; P ¼ .60),
comparing CEA with redo-CAS [97]. The role of TCAR in the treatment of
in-stent restenosis has not been studied in the literature. An ongoing VQI study
by our team seeks to determine the role of TCAR following in-stent restenosis.

OUTCOMES
Two single-arm clinical trials have evaluated the safety and efficacy of EN-
ROUTE (Silk Road Medical Inc., Sunnyvale, California) transcarotid neuro-
protection system (NPS) during TCAR (Table 6). The Safety and Efficacy
Study for Reverse Flow Used During Carotid Artery Stenting Procedure
(ROADSTER 1) was performed in patients with increased risk for CEA (symp-
tomatic patients with �50% stenosis and asymptomatic patients with �70% ste-
nosis). The overall 30-day stroke rate was 1.4% and the use of the ENROUTE
transcarotid NPS was safe and effective [98].

At 1 year, there was 96% stroke-free survival [99]. Moreover, early outcomes
of ROADSTER 2 (Postapproval multicenter trial) in patients at high risk for
CEA with symptomatic stenosis �50% or asymptomatic stenosis �80% re-
vealed high technical success combined with low rates of postprocedure stroke
and death after TCAR. The composite 30-day stroke/death rate was 2.3%, and
stroke/death/MI rate was 3.2% in intention to treat analysis [100].

The Society of Vascular Surgery VQI TCAR Surveillance Project (TSP) was
designed to evaluate the safety and effectiveness of TCAR in real-world prac-
tice. In this project, data of 638 TCAR patients were compared to 10,136
TFCAS patients. In multivariate analysis with 1:1 coarsened matching, TFCAS
was associated with twice the odds of adverse in-hospital neurologic events and
TIA/stroke/death compared with TCAR (OR ¼ 2.10; [95% CI: 1.08–4.08];
P ¼ .03), regardless of symptomatic status [45]. In another analysis of TSP-
VQI data by propensity score matching (PSM), we compared two groups of
TCAR and CEA (n ¼ 6384) and found no significant differences between
TCAR and CEA in terms of in-hospital stroke/death. Compared to CEA,
TCAR was associated with 47% decreased risk of in-hospital MI
(RR ¼ 0.53; [95% CI: 0.35–0.83]; P ¼ .005) and 86% decreased risk of CNI
(RR ¼ 0.14; [95% CI: 0.08–0.23]; P<.001) [83].

Several other PSM analyses have compared TCAR versus TFCAS and
TCAR versus CEA. Using data of TSP-VQI from 2016 to 2019, 3286 matched
pairs of TCAR and TFCAS were compared. TCAR was associated with a
lower risk of in-hospital stroke or death (1.6% vs 3.1%; P<.001), stroke
(1.3% vs 2.4; P ¼ .001), and death (0.4% vs 1.0%; P ¼ .008) compared with



Table 6
Single-arm trials on transcarotid artery revascularization

Name of the study Type of the study No. of patients (analyzed) Patien characteristics Outcomes

ROADSTER 1 [104] Single-arm, multicenter,
clinical trial

141 High k for CEA,
sym tomatic with � 50%
sten sis and
asy ptomatic with � 70
sten sis

30-d all stroke ¼ 1.4%;
30-d death ¼ 1.4%;
30-d MI ¼ 0.7%

ROADSTER 1; 1-year
follow-up [105]

Single-arm, multicenter,
clinical trial

165 High k for CEA,
sym tomatic with � 50%
sten sis and
asy ptomatic with � 70
sten sis

1-y ipsilateral
stroke ¼ 0.6%, 1-y
death ¼ 4.2% (None was
neurologic)

ROADSTER 2 [106] Prospective, open label,
single arm, multicenter,
post-approval registry

692 (ITT) and 632 (PP) High k for CEA,
sym tomatic with � 50%
sten sis and
asy ptomatic with � 80
sten sis

ITT: 30-d stroke ¼ 1.9%;
30-d death ¼ 0.4%;
30-d MI ¼ 0.9%

PP: 30-d stroke ¼ 0.6%;
30-d death ¼ 0.2%;
30-d MI ¼ 0.9%

Abbreviations: ITT, intention to treat; MI, myocardial infraction; PP, per-protocol.
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TFCAS but the rates of in-hospital MI was not different. At 1 year, TCAR was
associated with a lower risk of ipsilateral stroke or death (5.1% vs 9.6%;
P<.001) [82]. Another PSM analysis of TSP-VQI data by our team included
the CEA arm as well. Two 4180 matched pairs of TCAR and CEA were
compared. There were no significant differences in 30-day stroke, death, and
stroke/death rates. However, TCAR was associated with lower risks of periop-
erative MI (0.55% vs 1.12%; P ¼ .004) and 30-day stroke/death/MI (2.30% vs
3.25%; P ¼ .008). At 1 year, no significant difference was observed in the risk
of ipsilateral stroke or death (6.49% vs 5.68%; P ¼ .157) [101].

A systematic review and meta-analysis investigating the available literature
on TCAR was conducted by our team recently. We evaluated 4012 patients
and found that the overall 30-day risks following TCAR are stroke/death,
1.89% (95% CI: 1.50–2.37), stroke, 1.34% (95% CI: 1.02–1.75), death,
0.76% (95% CI: 0.56–1.08), MI, 0.60% (95% CI: 0.23–1.59), stroke/death/
MI, 2.20% (95% CI: 1.31–3.69), and CNI, 0.31% (95% CI: 0.12–0.83).
Two nonrandomized studies of this systematic review suggested that
TCAR was associated with lower risk of stroke (1.33% vs 2.55%,
OR ¼ 0.52, [95% CI: 0.36–0.74]) and death (0.76% vs 1.46%, OR ¼ 0.52,
[95% CI: 0.32, 0.84]) compared to TFCAS. Furthermore, 4 nonrandomized
studies suggested that TCAR was associated with a lower risk of CNI than
CEA (0.54% vs 1.84%, OR ¼ 0.52, [95% CI: 0.36–0.74]), but no statistically
significant difference in the 30-day risk of stroke, stroke/death, or stroke/
death/MI was observed [102].

It is important to emphasize that both ROADSTER 1 and 2 included only
the patients who had either a high-risk anatomic or medical criterion for
CEA. Silk Road Medical, Inc. received food and drug administration (FDA)
approval for expanded indications for the ENROUTE stent to include patients
at standard-risk for adverse events from CEA on April 28, 2022 (P140026-
S016) [103]. Following this approval, the ROADSTER 3 trial has started and
is currently recruiting patients deemed standard-risk for CEA. The ROAD-
STER 3 is a single-arm study as well and will enroll 400 patients. Symptomatic
patients with �70% stenosis by ultrasound or �50% stenosis by angiogram or
asymptomatic patients with �70% stenosis by ultrasound or �60% stenosis by
angiogram will be included. The primary outcomes will be a composite of any
death, stroke, or MI within 30 days of the index procedure and ipsilateral
stroke within 31 to 365 days following the index procedure [104].

Analysis of VQI data for patients considered to be standard-risk by the
Medicare & Medicaid Services (CMS) and undergoing carotid revascularization
has been performed by Zhang and colleagues Interestingly, they found that
TFCAS was associated with an increased risk of perioperative stroke compared
to CEA in standard-risk patients (aOR ¼ 1.60 [95% CI: 1.37–1.86]; P<.001)
but TCAR was not (aOR ¼ 1.05 [95% CI: 0.84–1.31]; P ¼ .659). Both TFCAS
and TCAR were associated with significantly lesser risk of perioperative MI
than CEA (aOR ¼ 0.61 [95% CI: 0.49–0.77]; P<.001 and aOR ¼ 0.68 [95%
CI: 0.55–0.85]; P ¼ .001, respectively) [105].



Fig. 6. Algorithm for the best method of carotid revascularization in patients with symptomatic
and asymptomatic carotid artery stenosis. CAS, carotid artery stenting; CEA, carotid endarter-
ectomy; TCAR, transcarotid artery revascularization; TFCAS, transfemoral carotid artery stent-
ing.
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COSTS
In a cost-effectiveness analysis of TCAR versus CEA in patients with symp-
tomatic carotid stenosis, we found that CEA cost $7821 for 2.85 quality-
adjusted life years (QALY), whereas TCAR cost $19,154 for 2.92 QALYs,
leading to an incremental cost-effectiveness ratio of $152,229 per QALY gained
in TCAR [106]. CEA is still considered the most cost-effective method of ca-
rotid revascularization whereas TFCAS is the least cost-effective one [107,108].
SUMMARY
Based on the latest evidence and recommendations from AHA and SVS, carotid
artery revascularization is indicated in symptomatic patients with �50% stenosis
and in asymptomatic patients with�70% stenosis. CEA is the ideal method of ca-
rotid revascularization and remains the gold standard. However, CAS is preferred
in certain high-surgical risk patients. TCAR has become an increasingly popular
hybrid procedure that has outperformed TFCAS in patients who are considered
high risk for surgery. There is increasing data that supports TCAR as a safe and
efficient technique with outcomes similar to those of CEA, but additional studies
are necessary to evaluate the long-term outcomes of TCAR in high- and
standard-risk patients. RCT comparing CEA with TCAR particularly in
standard-risk patients is needed to further determine the role of TCAR in theman-
agement of carotid stenosis. Fig. 6 illustrates an algorithm of decision making for
patients undergoing carotid revascularization.
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CLINICS CARE POINTS
� In a patient with �50% symptomatic carotid artery stenosis, assess the risk of
CEA. If the patient is standard risk for surgery, CEA is recommended. If the pa-
tient is high risk for surgery, consider CAS. TCAR is preferred over TFCAS in
high-surgical risk patients.

� In a patient with �70% asymptomatic carotid artery stenosis, assess the risk of
CEA. If the patient is standard risk, CEA is recommended.

� In a patient with asymptomatic carotid artery stenosis �70% and high risk for
surgery, consider patient factors. Stent or aggressive medical therapy may be
preferred based on multiple patient factors.
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