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Carotid endarterectomy (CEA) is performed to prevent embolic stroke in patients with ather-

omatous disease at the carotid bifurcation. There is now substantial evidence to support early

operation in symptomatic patients, ideally within 2 weeks of the last neurological symptoms.

Thus, the anaesthetist may be faced with a high risk patient in whom there has been limited

time for preoperative preparation. The operation may be performed under local or general

anaesthesia. The advantages and disadvantages of both are explored in this review. Carotid

shunting may offer a degree of cerebral protection, but carries its own risks and has not been

proved to reduce morbidity and mortality. The use of carotid shunts is based on clinical judge-

ment, awake neurological monitoring, and the use of monitors of cerebral perfusion. There is

no ideal monitor of cerebral perfusion in the patient receiving general anaesthesia. Both the

intraoperative and postoperative periods may be witness to dramatic haemodynamic changes

that may compromise the cerebral or myocardial circulations. In particular, postoperative hypo-

tension may compromise both myocardial and cerebral perfusion, and severe hypertension can

cause cerebral hyperperfusion. There is as yet limited evidence to guide the management of

these problems. In summary, CEA can yield significant benefit, but those with the most to gain

from the operation also present the greatest challenge to the anaesthetist.
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Carotid endarterectomy (CEA) is a prophylactic operation.

It is performed in patients who are at risk of stroke from

emboli arising from atheromatous plaque at the carotid

bifurcation. Although atheroma at this site can cause

marked carotid stenosis, CEA is not performed to relieve

stenosis, but is undertaken in patients. Timely CEA can

substantially reduce the risk of disabling or fatal stroke,

but if this benefit is to be realized it is essential that the

risks of surgery do not outweigh the subsequent reduction

in the risk of stroke. This article reviews the perioperative

management of patients undergoing CEA.

Evidence of the need for CEA

The indications for CEA in various circumstances were

recently reviewed by the American Academy of

Neurology.11 There are two groups of patients to consider:

symptomatic patients who have active plaque giving rise

to emboli that enter the cerebral circulation and cause tran-

sient ischaemic attacks (TIAs) and reversible ischaemic

neurological deficits, and asymptomatic patients who have

demonstrable disease at the carotid bifurcation but no

history of a recent neurological event attributable to this

lesion.

There is unequivocal evidence to support CEA in symp-

tomatic patients with .70% carotid stenosis in the relevant

carotid territory. This is based particularly on two large

studies, the North American Symptomatic Endarterectomy

Trial (NASCET) and the European Carotid Surgery Trial

(ECST), both of which compared surgery with best

medical treatment.19 69 The data from these and the smaller

Veteran’s Affairs Trial were combined in a meta-analysis

by Rothwell and colleagues.80 For patients with a carotid

stenosis of 70% or more there was absolute risk reduction

for the combined outcome of perioperative death or sub-

sequent stroke more than 5 yr of 16% yielding a number

needed to treat of 6.3. The benefit in patients with 50–

69% stenosis was less marked with an absolute risk

reduction of 4.6% more than 5 yr and a number needed to

treat of 22. CEA was not beneficial to symptomatic patients

with 30–49% stenosis or near carotid occlusion, and was

harmful in symptomatic patients with ,30% stenosis.

Patients with asymptomatic carotid disease with .50%

stenosis are a different population to patients with ‘active’

plaque that is discharging emboli into the cerebral circula-

tion. There are data to support CEA in asymptomatic patients

but they are less robust than those supporting the operation

for patients with symptoms. The asymptomatic carotid artery

stenosis (ACAS) study was halted after a 2.7 yr median

follow-up because of a projected 5.9% absolute reduction in
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the risk of ipsilateral stroke at 5 yr.20 Although the results of

this study were encouraging, the very low perioperative

stroke and death rate of 2.3% was not supported by more

recent studies. The asymptomatic carotid surgery trial

(ACST) recruited patients with a carotid artery diameter

reduction of at least 60% on ultrasound and no symptoms in

the previous 6 months. This study showed a net reduction of

5.4% in the combined outcome of stroke within 5 yr and

death within 30 days of surgery.65 The benefits were mainly

seen in younger patients and were uncertain for patients

older than 75 yr. The American Academy of Neurology

document makes the point that there is a significant differ-

ence between the primary endpoint of the ACAS and ACST

studies.11 ACAS took ipsilateral stroke as the primary end-

point, whereas ACST included contra-lateral and vertebroba-

silar strokes. If ACST analysis was limited to ipsilateral

stroke, the absolute benefit would be reduced.

CEA should be performed sooner rather than later in

symptomatic patients. A pooled analysis of data from

NASCET and ESCT demonstrated that the greatest absol-

ute risk reduction for ipsilateral stroke, any stroke, and

death within 30 days of surgery was found in patients who

underwent surgery within 2 weeks of their last event.81

This decrease in benefit from surgery was significantly

more rapid in women than in men. The benefit of early

surgery is explained by the natural history of carotid

plaque in symptomatic patients. In a study conducted by

Harrison and Marshall,35 66% of patients undergoing CEA

within 4 weeks of their most recent event had thrombus

overlying the carotid stenosis compared with 21% of

patients waiting for a longer period. Plaque morphology

studies have shown that patients with recent symptoms are

more likely to have acute plaque disruption, spontaneous

embolization, overlying thrombus formation, and abnormal

levels of metalloproteinases within the plaque.68 Ideally,

patients presenting with a suspected TIA should have

undergone investigation and, if appropriate, surgery within

2 weeks of presentation. At present, this goal is far from

being achieved in the UK. The 2004 Royal College of

Physicians Sentinel Stroke Audit found that only 50%

of patients had undergone a duplex scan within 12 weeks

of presentation, let alone surgery.68 83

The best care of a patient with a progressing stroke of

less than 24 h duration is less clear. The American

Academy of Neurology review identified four studies that

examined this issue.11 Three of the studies found benefit

from surgery, but one reported a postoperative stroke and

death rate of 20%. The best management of this difficult

clinical problem remains unclear.

Anatomy

The brain receives its blood supply from four major

arteries. Eighty-to-ninety per cent of the cerebral blood

supply is delivered via the two internal carotid arteries

with the majority of the remainder coming from the ver-

tebrobasilar system. The carotid arteries and basilar artery

unite to form the Circle of Willis at the base of the brain.

This ring of arteries offers the brain considerable protec-

tion against the occlusion of one or another vessel, but its

presence should not lead to clinical complacency. The

Circle of Willis is incomplete in 15% of normal people

and in patients with cerebrovascular disease one or more

of the vessels within the circle maybe occluded by athero-

matous plaque.

Operation

After careful surgical exposure, the external, internal, and

common carotid arteries are cross-clamped so that the

carotid bifurcation is isolated from the circulation. The

artery is opened and the plaque removed. Most often this

is done through a longitudinal incision and the artery is

patched upon closure as this reduces the incidence of

re-stenosis. The operation of eversion CEA in which the

internal carotid artery is transected and turned inside out

to remove the plaque is used by some surgeons.

Whichever technique is used care must be taken to remove

all of the debris from the intimal surface of the artery to

prevent postoperative emboli occurring.

Shunting

During the course of the operation, a shunt may be inserted.

There are a number of different types of carotid shunt but

all are essentially a length of plastic tubing to carry the

blood from the common carotid to the internal carotid

artery, so maintaining blood flow during the course of

surgery. Although at first sight this may seem to be a useful

technique to maintain cerebral blood flow in those patients

who have a contralateral carotid stenosis or a compromised

Circle of Willis, it is not an entirely benign intervention.

Acute complications of shunt insertion include air or

plaque embolization, intimal tears, and carotid dissection.

There is an associated risk of local complications including

haematoma, nerve injury, infection, and late carotid reste-

nosis. For all these risks, flow through the shunt may be

inadequate to meet cerebral oxygen requirements.

Practice varies widely between surgeons; some routinely

insert shunts in all patients, whereas others eschew their

use altogether. A middle way is a policy of selective shunt-

ing based on one or another monitor of cerebral function

or blood flow. The technologies used to monitor for cer-

ebral ischaemia are discussed below. There are limited

high quality data to guide practice. The issue is made

complex by the number of different options to be com-

pared. Studies may compare a policy of shunting vs not

shunting, shunting vs selective shunting based on the use

of a cerebral monitor, or selective shunting vs not shunt-

ing. Bond and colleagues6 systematically reviewed the
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evidence for and against shunting. They found only three

studies that were sufficiently rigorous for inclusion in a

systematic review. In two studies comparing routine shunt-

ing with no shunting there was no significant difference in

the rate of all strokes, ipsilateral stroke, or death up to 30

days after surgery.28 88 However, these studies suffered

from flaws of methodology and reporting. A third trial

compared shunting on the basis of EEG monitoring and

carotid pressure measurement with pressure measurement

alone.23 There was no significant difference between the

risk of ipsilateral stroke between the two groups. Bond and

colleagues suggest that further trials of various methods of

monitoring are not justified until the efficacy of shunting is

established. This is perhaps too simplistic a statement.

They do concede that a systematic review of the sensitivity

and specificity of the various forms of monitoring would

be appropriate to inform any trial of selective shunting.

Perioperative complications

The two most feared major perioperative complications of

CEA are cerebrovascular accident and myocardial infarc-

tion. The pooled data from the NASCET, ESCT, and

Veteran’s Administration Trial provide an insight into the

incidence of cerebrovascular accident after CEA.80 Data

are presented on 3248 patients who underwent surgery. Of

35 deaths (1.1%) within 30 days of surgery, 20 deaths

were from operative strokes. Two hundred and twenty-nine

patients suffered the combined outcome stroke or death

within 30 days of surgery.

The data from the Cochrane Collaboration meta-analysis

of regional vs general anaesthesia for CEA also provide

valuable information on the overall incidence of adverse

events. In this analysis, there were 195 deaths within 30

days of surgery among 17 703 patients, a death rate of

1.1%. There were 564 strokes within 30 days of surgery

among 16 835 patients, an incidence of any stroke of

3.4%. Twenty-six studies including 13 547 patients

reported on the combined outcome of any stroke or death

within 30 days of surgery. There were 604 events in the

pooled data giving an event rate of 4.5%. Twenty-two

studies reported on the occurrence of myocardial infarction

within 30 days of surgery. There 323 postoperative myo-

cardial infarctions were reported in a total of 14 773

patients, a myocardial infarction rate of 2.2%. It is not

clear what proportion of these myocardial infarctions was

fatal.78

Although carotid cross-clamping is a major haemo-

dynamic challenge to the cerebral circulation, the majority

of strokes after surgery are due to embolization or throm-

bosis. In a review of 38 neurological events that occurred

in 2024 patients who had undergone CEA, the causes of

neurological events included intraoperative clamping

ischaemia in 5 patients (13.2%); thromboembolic events in

24 (63.2%); intracerebral haemorrhage in 5 (13.2%); and

deficits unrelated to the operated artery in 4 (10.5%).79

The majority of perioperative events become manifest

within 8 h of surgery. In a retrospective review of 771

CEAs, 26 patients developed a neurological deficit after

surgery. Nineteen of the neurological deficits were diag-

nosed in the operating theatre or recovery room and a

further five within 8 h of surgery.92

Patients with carotid artery disease have a high inci-

dence of severe coronary artery disease. Hertzer and col-

leagues39 reported coronary angiography data on 1000

patients being considered for major vascular surgery,

including 295 patients presenting with cerebral vascular

disease. Twenty-six per cent of the patients with cerebro-

vascular disease had coronary artery disease sufficiently

severe that they were considered to be potential candidates

for coronary artery surgery.39 It is unsurprising that

patients undergoing CEA are at risk of preoperative myo-

cardial injury. The pooled meta-analysis data discussed

earlier rank myocardial infarction second to stroke as a

complication of endarterectomy with rates of 3.4 and

2.2%, respectively. Data on perioperative cardiac troponin

release indicate that considerably more patients suffer

asymptomatic perioperative myocardial injury. In a study

comparing CEA with carotid stenting, 13% of patients

undergoing CEA had detectable cardiac troponin I release

into the circulation.66 This silent cardiac troponin release

cannot be regarded as clinically irrelevant. The association

between asymptomatic perioperative troponin release after

major vascular surgery and a worsened intermediate and

long-term prognosis is well established.48 51

CEA may also be associated with cranial nerve injury,

bleeding and airway swelling and oedema. Ballotta and

colleagues reported cranial nerve deficits in 25 out of 200

patients who underwent CEA. There were 11 hypoglossal,

8 recurrent laryngeal, 2 superior laryngeal, 2 marginal

mandibular, and 2 greater auricular nerve injuries. Many,

if not all of these injuries, can be attributed to surgical

traction. All nerve dysfunctions were transient, with all but

four nerves recovering completely within 6 months.5 The

operation is performed on an artery imbedded among vas-

cular tissues, and postoperative bleeding, leading to a neck

haematoma, airway compression, and respiratory compro-

mise are possible. Patients should be monitored for this in

the immediate postoperative period. If there is evidence of

respiratory compromise, the clips should be removed from

the neck wound to decompress the airway and the patient

taken back to theatre immediately. This is a setting in

which the use of local anaesthesia has the benefit that

surgery can proceed at once.

Anaesthesia

CEA may be carried out under regional or general anaes-

thesia. The impact of the choice of anaesthesia on the

outcome of this operation has been extensively studied. A
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systematic review by Tangkanakul and colleagues102 of

the impact of the type of anaesthesia on outcome from

CEA was published in 2000 and was updated by

Rerkasem and colleagues78 in 2004. Data were reported

from seven randomized trials involving 554 operations and

41 nonrandomized studies involving 25 622 operations.

The authors of the review had significant concerns about

the quality of several of the nonrandomized studies. A

meta-analysis of the nonrandomized studies showed that

the use of local anaesthetic was associated with significant

reductions in the odds of death from all causes (OR 0.67,

95% CI 0.46–0.97), stroke (OR 0.56, 95% CI 0.4–0.70),

stroke or death (OR 0.61, 95% CI 0.48–0.77), myocardial

infarction (OR 0.55, 95% CI 0.39–0.79), and pulmonary

embolism within 30 days of surgery (OR 0.31, 95% CI

0.15–0.63). A meta-analysis of the randomized studies

showed that the use of local anaesthetic was associated

with a reduction in the risk of local haemorrhage within

30 days of surgery, but there was no evidence of a

reduction in the odds of operative stroke.78 102 However,

the trials were small and in some studies intention-to-treat

analyses were not possible. A large-scale study of general

anaesthesia vs local anaesthesia (GALA) is currently in

progress.

Local and regional anaesthesia

CEA may be performed under either a superficial cervical

plexus block or combined deep and superficial cervical

plexus block. The techniques for performing these blocks

have been described elsewhere.96 Many practitioners use

both blocks together while others choose to use a super-

ficial block alone. Patients should be told to report any

discomfort because the surgeon can supplement the block

with local anaesthetic infiltration.

Stoneham and colleagues95 compared superficial cervi-

cal plexus block alone with combined deep and superficial

block in a randomized controlled trial and found them to

be comparable with regard to the amount of local anaes-

thetic supplementation given by the surgeon. However,

patients in whom paraesthesia was elicited during place-

ment of the deep block required less lidocaine supplemen-

tation and those in the deep block group were less likely

to require analgesia during the first 24 h after the

operation.

Anatomical considerations suggest that a superficial

block alone might not be expected to block all the relevant

nerves for CEA. Dye injection studies performed in cada-

vers suggest a communication between the deep and

superficial cervical spaces such that local anaesthetic may

be able to spread from a superficial cervical plexus block

to the deep structures so long as the injection is made

beneath the investing fascia of the neck and is not only

s.c.74 The hazards of deep cervical plexus block include

injection into the CSF with consequent brainstem anaes-

thesia, arterial injury and intra-arterial injection, and

phrenic nerve paralysis resulting in respiratory distress.10

The deep block should not be performed in anticoagulated

patients.

CEA under cervical epidural anaesthesia is well

described and does provide good operating conditions.

However, it is associated with a significant risk of major

anaesthetic complications. In a series of 394 patients who

underwent endarterectomy under cervical epidural anaes-

thesia, serious complications included dural puncture in

two patients, epidural venepuncture in six patients, and

respiratory muscle paralysis in three patients.7

General anaesthesia

While the use of local anaesthesia has the merit that it

allows direct neurological monitoring of the conscious

patient, general anaesthesia also has laudable qualities.

Patients can find CEA under regional anaesthesia stressful.

They must lie still with their head turned to one side for

90 min or more and the positioning of the drapes may be

profoundly unpleasant for a claustrophobic patient.

The operation may be performed with a laryngeal mask

airway and a laryngeal mask may be inserted if there is a

need to convert from regional to general anaesthesia as

described in what follows. However, access to the airway

during surgery can be difficult and, with the head turned

to one side, it is the view of this author that the definitive

airway control offered by endotracheal intubation is to be

preferred.

There are no data to favour any particular general anaes-

thetic technique. It may be argued that sevoflurane is the

volatile agent of choice for neuroanaesthesia.17 Desflurane

has been shown in an animal model to cause marked vaso-

dilation, increasing cerebral blood volume, and thence

intracranial pressure.40 Although both sevoflurane and iso-

flurane can provide rapid recovery, sevoflurane produces

less vasodilation than isoflurane at the same depth of

anaesthesia.41 However, these considerations regarding

intracranial pressure are of more importance in the setting

of intracranial surgery than in an extracranial operation

such as CEA. The effect of anaesthetic agents on cerebral

blood flow and metabolism are perhaps more important.

At concentrations of up to 1.0 MAC, sevoflurane produces

concomitant reductions in cerebral metabolic blood flow

and cerebral metabolic rate. At concentrations above this

there is evidence of increases in regional cerebral blood

flow.64 A study conducted by Kaisti and colleagues using

positron emission tomography showed that a concentration

of 1.0 MAC of sevoflurane reduced regional cerebral

blood flow in all areas. At a concentration of 1.5 MAC

there was evidence of increased regional blood flow in the

frontal cortex, thalamus, and cerebellum.44 Static auto-

regulation is well maintained in patients receiving 1.2

MAC of sevoflurane.12 There is evidence that dynamic

autoregulation is impaired even with concentrations of

volatile anaesthetic agents ,1.0 MAC, although this effect
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is more marked with isoflurane than with sevoflurane.73 101

The response of the cerebral circulation to carbon dioxide

is maintained with sevoflurane.3

Nitrous oxide should be avoided if possible. It increases

the cerebral metabolic rate and produces a concomitant

increase in middle cerebral artery blood flow velocity

(MCAv). It causes increases in cerebral blood flow in the

presence of both the volatile anaesthetic agents and propo-

fol.50 57 99 Cerebral vascular reactivity to carbon dioxide is

maintained with sevoflurane alone, but is impaired when

nitrous oxide is added to sevoflurane.100

Anaesthesia may also be maintained using propofol and

the merits of this drug for neurosurgical anaesthesia have

been closely argued in a recent review.32 Propofol pro-

duces comparable reductions in cerebral blood flow and

metabolic rate in contrast to the flow metabolism decou-

pling that is reported with higher concentrations of sevo-

flurane.43 While cerebral autoregulation is impaired with

sevoflurane, it is preserved under propofol–remifentanil

anaesthesia.14 During carotid cross-clamping, ipsilateral

cerebral blood flow depends upon perfusion across the

Circle of Willis. This may be affected by haemodynamic

changes on the contralateral side. In a recently published

study, internal carotid artery pressure (stump pressure) was

monitored during propofol and sevoflurane anaesthesia.

Internal carotid artery pressure on the site of surgery was

lower with sevoflurane and this was attributed to the vaso-

dilation induced by this drug.61 Conti and colleagues com-

pared two different propofol infusion regimes for total i.v.

anaesthesia for CEA. Patients received a propofol infusion

with a target effect site concentration of either 1.2 or 2.4

mg litre21 and a remifentanil infusion. The remifentanil

infusion was adjusted to maintain haemodynamic stability

and a bispectral index of between 40 and 60. Patients

receiving the higher dose of propofol displayed greater

haemodynamic stability, and the authors concluded that a

hypnotic, rather than an opiate-based regime, was to be

preferred in this setting.26

Both the volatile anaesthetic agents and propofol may

offer a degree of neuroprotection. There is experimental

evidence to support neuronal protection from isoflurane,

although this appears to be age-dependent and is not seen

in tissues from older animals.112 In an in vitro study,

Payne and colleagues75 have also demonstrated precondi-

tioning and neuronal protection with sevoflurane. A neuro-

protective effect of propofol has been demonstrated in an

animal model, but was not seen in an in vitro study using

a hippocampal slice preparation.18 22 There are also some

data to support post-insult neuroprotection (post-

conditioning) by anaesthetic drugs.9 The experimental

anaesthetic agent, xenon appears to hold out the possibility

of both pre- and post-insult neuroprotection.16 55

The experimental evidence for neuroprotection poses

a dilemma for the anaesthetist in the setting of awake

CEA performed under local anaesthesia. If the patient

develops a neurological deficit upon cross-clamping, is it

appropriate to institute general anaesthesia to protect the

brain? It is the view of this reviewer that there is insuffi-

cient evidence to support this approach. Any theoretical

benefit of neuroprotection is offset by being able to

demonstrate neurological recovery on shunt insertion and

the opportunity to undertake further manoeuvres such as

raising the arterial pressure if such recovery is not seen. If

the patient does not make a full recovery despite such

interventions it may then be appropriate to institute

general anaesthesia, but otherwise anaesthesia should be

induced for clinical indications such as agitation or airway

compromise.

Neurological monitoring

A key decision for all involved in the operation of CEA is

whether or not a shunt is to be inserted. In the awake

patient, the anaesthetist should remain in constant verbal

contact with the patient during and after cross-clamping.

This should consist of more than simply asking the patient

if they feel alright. It is appropriate to check frequently that

the patient is orientated in time and place and can perform

simple mental tasks such as counting backwards from 100.

The patient should be asked to demonstrate that they can

move the side of their body contralateral to surgery. If the

patient’s hand is under the drapes, a squeaky toy or a fluid

filled bag connected to a pressure transducer may be placed

in their hand before surgery and they can be asked to

squeeze this regularly. If the patient becomes confused and

restless, stops responding to commands, or simply ceases

to communicate, these are all signs of cerebral ischaemia

and shunt insertion is indicated.

When the patient is under general anaesthesia, the

decision as to whether or not to perform shunting is more

difficult. Some surgeons always insert a shunt in these cir-

cumstances while others may only shunt patients with

severe bilateral disease. A number of techniques and moni-

tors are available to assist with this decision. These are

well reviewed by O’Conner and Tuman.71 None of the

monitors of cerebral ischaemia is perfect.

Stump pressure

Once the common and external carotid arteries are

clamped, the pressure measured in the internal carotid

artery reflects the perfusion pressure transmitted around

the Circle of Willis. This is the stump pressure. A number

of thresholds for the stump pressure, ranging between 25

and 70 ml of mercury, have been proposed below which

shunting would be appropriate.2 Studies in patients who

underwent surgery under general anaesthesia suggest

stump pressure to be specific but not sensitive at identify-

ing patients who develop EEG changes consistent with

cerebral ischaemia upon carotid cross-clamping.34 62 A study

by Hans and colleagues using awake neurological moni-

toring in patients undergoing surgery under regional
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anaesthesia also demonstrated a low false positive rate but

a high false negative rate for monitoring using stump

pressure. A stump pressure of 50 mm Hg had a sensitivity

29.8% and a specificity 98.6% for the prediction of neuro-

logical changes necessitating shunt placement. For a

stump pressure of 40 mm Hg, the values were sensitivity,

56.8%; specificity, 97.4%.33 Because of the effects of

anaesthetic agents on the cerebral vasculature, it cannot be

assumed pressure thresholds established under regional

anaesthesia are applicable in the setting of general

anaesthesia.

EEG

Both the raw and the processed EEG have been used for

neurological monitoring during CEA. There is no doubt

that the EEG is affected by cerebral ischaemia but the

technique suffers from many limitations. The EEG signal

reflects only cortical events and does not disclose ischae-

mia in deeper structures. The raw EEG is difficult to inter-

pret. Its monitoring in real-time requires considerable skill

and experience. The processed EEG, for example the

compressed spectral array, is easier to interpret but con-

siderable information is lost during its conversion to a pro-

cessed format.31 47 Unfortunately, the BIS monitor is not

suitable for cerebral monitoring in this setting as it primar-

ily detects frontal lobe activity and cannot be relied upon

to detect localized changes elsewhere in the brain.15

Somatosensory evoked potentials

Somatosensory evoked potentials (SSEPs) offer theoretical

advantages over the EEG for cerebral ischaemia monitor-

ing. This type of monitoring examines not only the cortex

but the deeper structures of the brain. Stimulation from a

peripheral nerve passes through first- and second-order

neurones and brainstem synapses before evoking a

response in the somatosensory cortex. Unfortunately, this

theoretical promise is not borne out by clinical studies.

SSEPs certainly demonstrate the presence of cerebral

ischaemia, but are no more specific or sensitive than

the EEG.36 46 However, they may be superior in patients

whose baseline EEG is not easily interpretable because of

a previous stroke.56 It should be borne in mind that the

volatile anaesthetic agents can reduce the amplitude of

SSEPs.91

Near infrared spectroscopy

Near infrared spectroscopy (NIRS) gives a value for

regional cerebral oxygenation (rSO2) which is a composite

measure of arterial venous and capillary oxygenation,

although the predominant influence is the venous blood.89

Carotid cross-clamping produces a decrease in rSO2.86

Unfortunately, this change is not consistently related to

changes in other measures of cerebral blood flow.71

Studies of NIRS indicate that it has a high negative

predictive value for cerebral ischaemia, but poor speci-

ficity and positive predictive value. In a study of patients

undergoing CEA under regional anaesthesia, Samra and

colleagues87 found that a reduction of 20% in rSO2 on

cross-clamping had a 66% false positive rate for the detec-

tion of cerebral ischaemia, but a 97.4% negative predictive

value. Grubhofer and colleagues examined the reliability

of NIRS for detecting significant reductions in MCAv

measured by TCD and again found a high false positive

rate for NIRS.27 Decreases in rSO2 of more than 13%

identified two patients who required shunting; however,

this threshold would have indicated unnecessary shunting

in seven patients, a false positive rate of 17%. A number

of factors account for the limitations of NIRS in carotid

surgery.71 The sensors are placed over the frontal lobes

and so are not ideally positioned for detecting reductions

in middle cerebral artery blood flow. The signal may be

contaminated by the blood flow in extracranial tissues and

by the effects of ambient light. Changes in rSO2 may be

related to redistribution of cerebral blood flow during

anaesthesia rather than the effects of cross-clamping.

There is no well-defined ‘normal’ range for rSO2 during

surgery and the change in rSO2 during a carbon dioxide

challenge differs between two commercially available

monitors.111 Finally, there is not a well-defined biologic

zero and studies in dead subjects give an average rSO2

value of 51%, compared with a value of 68% in normal

controlled subjects.89

Transcranial Doppler

Transcranial Doppler relies on the fact that the thin

petrous temporal bone provides an acoustic window that

allows ultrasound visualization at the middle cerebral

artery. A probe is placed on the petrous temple bone and

the skilled operator is able to detect the Doppler signal

generated by blood flow in the middle cerebral artery.

TCD may be used to monitor both cerebral haemody-

namics and the occurrence of emboli.

A marked reduction in MCAv on cross-clamping has

been taken as an indication for shunting. In a review pub-

lished by the International Transcranial Doppler

Collaborators in 1992, a persistent reduction in mean

MCAv on cross-clamping to between 0 and 15% of the

baseline value was found to be strongly associated with

postoperative stroke.29 The author proposed that patients

with such marked reductions in MCAv would benefit from

shunt insertion. Although a reduction in MCAv is often

taken to be an indication for shunt insertion in current

practice, in this study shunting was not found to be ben-

eficial in patients with a reduction in MCAv to between 16

and 40% of baseline. More recently, McCarthy and col-

leagues reported that a mean MCAv of ,30 cm s21, a

clamp/pre-clamp ratio of MCAv of ,0.6, or a reduction of

mean MCAv more than 50% were not reliable methods for
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the detection of cerebral ischaemia and the identification

of patients requiring shunting.59

Unlike the other monitors discussed, TCD is able to

detect emboli. The majority of perioperative neurological

events are embolic or thrombotic rather than haemo-

dynamic in nature and gaseous or particulate emboli can

be detected in more than 90% of patients undergoing

CEA.25 Gaseous emboli, seen at shunt opening and during

restoration of flow, are not generally associated with

adverse clinical outcomes. However, significant particulate

embolization correlates with deterioration in cognitive

function after CEA, postoperative ischaemic events,

and evidence of new lesions on brain MRI.1 25 53 67 On the

basis of these findings, some workers advocate the use of

an incremental Dextran-40 infusion in patients having

frequent microemboli on postoperative TCD monitoring.52

TCD monitoring is undoubtedly operator-dependent. It

suffers from the limitations that the probe has to be placed

relatively near to the surgical site and may impede the

operator, especially if it needs constant adjustment, and an

acoustic window may not be found in between 10 and

20% of subjects.

Management of cerebral ischaemia

The primary intervention in the event of the patient devel-

oping evidence of cerebral ischaemia upon carotid cross-

clamping is the insertion of a shunt. It is appropriate to

maintain the mean arterial pressure perhaps 20% above

the preoperative level to maintain the perfusion pressure

across the Circle of Willis. Transcranial Doppler studies

suggest that an augmented arterial pressure is also needed

to maintain an adequate blood flow through a surgical

shunt.37 Both induced hypocarbia and hypercarbia have

been proposed as means of augmenting ipsilateral cerebral

blood flow.4 38 Both are fraught with risk. Hypocarbia may

cause ipsilateral vasoconstriction and extend the area of

cerebral ischaemia. Hypercarbia may produce contralateral

vasodilatation and cause a steal phenomenon.8 Based on

current evidence, normocarbia is the best policy. It is cer-

tainly appropriate to administer supplemental oxygen to

the patient, and it has been suggested that in some cases

this may be sufficient to reverse the cerebral ischaemia.97

Cardiovascular management

The majority of patients presenting for CEA suffer from

hypertension. A systematic review of 36 studies by

Rothwell and colleagues82 found a significant association

between a preoperative systolic blood pressure or .180

mm Hg and postoperative stroke or death. Wong and

colleagues found a significant association between a

postoperative systolic blood pressure .220 mm Hg and

postoperative stroke or death. A preoperative systolic

blood pressure of .160 mm Hg was also a risk factor for

postoperative hypertension.109 It would seem to be wise to

control marked hypertension before surgery, where poss-

ible, for example systolic blood pressures that are consist-

ently above 180 mm Hg of mercury. However, while

cerebral autoregulation can be expected to adjust to the

lower arterial pressure, the time course of this adaptation

is unclear.98 If the patient is subjected to anaesthesia and

surgery before the cerebral circulation has adapted to the

new arterial pressure, there could be an increased risk of

stroke. The greatest benefit is seen from CEA if the oper-

ation is performed soon after presentation.81 There are also

concerns that lowering the arterial pressure in patients

with bilateral carotid stenosis may compromise cerebral

perfusion. Although an association between poorly con-

trolled arterial pressure and stroke has been demonstrated,

no study has demonstrated that reducing the arterial

pressure does indeed reduce operative risk. At present the

best advice that can be offered is that it is reasonable to

take the time to achieve good control of the arterial

pressure in patients who have a preoperative systolic blood

pressure consistently above 180 mm Hg, who do not have

severe bilateral disease, and are not having frequent neuro-

logical events. It is probably appropriate to proceed to

surgery even in the presence of marked hypertension in

the patient who has severe bilateral disease and is having

frequent TIAs. This is an area where further research is

needed.

By the very nature of their carotid disease, patients pre-

senting for CEA are arteriopaths and are likely to have

extensive atheromatous disease. The patient presenting for

CEA is at significant risk of perioperative myocardial

ischaemia and infarction. Anaesthesia should be conducted

carefully with a view to haemodynamic stability. Direct

arterial pressure and five-lead ECG monitoring should be

used and two ECG leads (usually II and V5) should be

displayed. Automated ST-segment analysis should be used

if available.

Haemodynamic changes

Cardiovascular lability in hypertensive patients undergoing

anaesthesia and surgery is a well-documented problem.

These patients are prone to episodes of hypotension and

hypertension in the intraoperative period.13 24 These prob-

lems are especially marked in patient undergoing CEA.

Carotid cross-clamping is frequently associated with a

marked increase in arterial pressure. CEA combines the

haemodynamic effects of anaesthesia with those of surgi-

cal manipulation of the carotid bifurcation. Rerkasem and

colleagues78 identified four studies that compared the

haemodynamic changes seen in patients undergoing CEA

under regional and general anaesthesia. In all four trials,

arterial pressure decreased in the GA group after induction

of anaesthesia. Three of the four trials found an increase

in arterial pressure in the local anaesthesia group on
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carotid cross-clamping. In the fourth study, by McCarthy

and colleagues,60 pre-clamp mean arterial pressure was

significantly lower in GA patients than LA patients but

post-clamp mean arterial pressure did not differ from pre-

clamp pressure in either group.

Both postoperative hypertension and hypotension are

common after CEA. O’Conner and Tuman71 suggested

that hypertension is seen in 25–58% of patients after

endarterectomy and hypotension in 8–10% of patients.

However, the frequency of such cardiovascular perturba-

tions is difficult to quantify because different studies use

different definitions of hypotension and hypertension and

studies frequently report the number of episodes of hypo- or

hypertension rather than the numbers of patients with each

condition.78 It has been suggested that postoperative hyper-

tension is more common after eversion endarterectomy.63

Postoperative hypertension can plausibly be explained

by a reduction in sensitivity of the carotid baroreceptor

reflex although a small study conducted by Yakhou and

colleagues110 that included 10 patients undergoing CEA

showed no change in the carotid baroreflex response after

CEA. In contrast, a spectral analysis study of the impact of

CEA on arterial pressure control in a group of 60 patients

suggested that surgery is associated with an acute deterio-

ration in carotid baroreflex sensitivity.93 The same group

was able to confirm this finding in a further study in a

group of 80 patients. This study compared patients with

unilateral and bilateral carotid artery disease.70 Baroreflex

sensitivity was reduced after surgery, presumably because

of the mechanical injury caused by surgery. Patients with

bilateral disease had a more marked response to direct

stimulation of the carotid sinus than those with unilateral

disease and this was attributed to sensitization of the baro-

reflex response to compensate for the dysfunction of the

contralateral side. After surgery, patients with bilateral

disease had a more marked deterioration in baroreflex

function. A study by Timmers and colleagues105 suggests

that this baroreflex dysfunction persists after surgery.

In the patient with postoperative hypotension, the anaes-

thetist may feel caught between the head and the heart. On

one hand, the low systolic and mean arterial pressure may

compromise myocardial perfusion and indeed predispose

to internal carotid artery thrombosis. On the other, raising

the arterial pressure across a carotid artery which is now

no longer partially occluded by a stenosis may lead to

excessive increases in cerebral perfusion. The conventional

treatment in this setting is to render the patient normoten-

sive with the use of fluids and vasopressors. It seems

reasonable to suggest that transcranial Doppler monitoring

should be used if available to monitor MCAv in patients

who are given vasopressors for postoperative hypotension,

especially patients who had severe bilateral stenosis or

marked hypertension before surgery and so may be prone

to hyperperfusion.

In patients with marked hypertension, the appropriate

clinical course of action is more clear cut, there is a

concern that marked hypertension may injure both the

heart by inducing myocardial ischaemia and the head by

causing cerebral hyperperfusion, and arterial pressure

reduction is appropriate. The particular agent to be used

can be at the discretion of the clinician. Unusually, for

neurological practice this is a setting in which the use of

vasodilators may be appropriate.

Anticoagulation and antiplatelet management

Current recommendations are that all patients with carotid

artery disease should be on between 75 and 325 ml of

aspirin on a regular basis. Aspirin should be continued

through the perioperative period. There are currently insuf-

ficient data to give robust recommendations with regard to

other antiplatelet agents in the perioperative setting.11

Heparin is administered in the intraoperative period

before cross-clamping to reduce the risk of thromboem-

bolic complications. A fixed dose of heparin may be

given, often 5000 units, or dosing may be weight-based. A

fixed dose regimen is associated with a wide dose range

per kilogram of body weight and with a wide variation in

the intraoperative activated clotting times (ACT). A study

of fixed dosing with 5000 units of heparin found an

association between neck haematoma and intraoperative

ACT, but the only neck haematoma that required reopera-

tion occurred in a patient with an ACT of more than 400 s.

Although performance on neuropsychometric tests did not

appear to be statistically influenced by heparin dosing or

the degree of ACT elevation, there was a trend for deficits

to be associated with lower heparin doses. The authors

concluded that weight-based heparin dosing may reduce

the incidence of complications such as haematoma for-

mation or decline on neuropsychometric tests and may

result in more predictable ACT values, but no statistically

compelling clinical advantage could be demonstrated. On

the basis of these findings they suggested that either

weight-based or fixed dosing is acceptable.76 There is

evidence that the antiplatelet action of aspirin is reduced

during the intraoperative period after the administration of

heparin and it has been suggested that this may account

for some perioperative thromboembolic events.107 Despite

this, there is no evidence to support the use of high dose

aspirin in the perioperative period. The ACE study found

lower incidences of stroke, death, and myocardial infarc-

tion within 30 days and 3 months of surgery in patients

taking 81 or 325 mg of aspirin than in those taking 650

or 1300 mg.103

It has been suggested that the use of protamine may

be associated with an increased incidence of stroke.21 54 58

These findings are based on a small number of events.

However, protamine administration does appear to reduce

wound drainage and the risk of haematoma. Two retro-

spective studies did not find an association between pro-

tamine administration and adverse outcome in CEA.30 49
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Data from 2800 patients enrolled in the GALA study also

support the safety of protamine (M.J. Gough, personal

communication). It should be borne in mind that some

patients presenting for CEA may subsequently be candi-

dates for coronary artery by-pass grafting and therefore

face a repeat exposure to protamine.

Cerebral blood flow and autoregulation

CEA is associated with an acute increase in cerebral blood

flow and middle cerebral artery velocity as measured by

transcranial Doppler. In a TCD study of symptomatic and

asymptomatic patients undergoing CEA pulsatility index,

cerebrovascular reactivity and flow acceleration were all

lower in the symptomatic patients before surgery. After

surgery there was an increase in flow velocity and an

improvement in all TCD variables in both symptomatic

and asymptomatic patients.104

Dynamic cerebral autoregulation is impaired in patients

with carotid artery disease and improves after CEA.77 108

Marked increases in middle cerebral artery velocity in

association with increases in mean arterial pressure in

symptomatic patients, have been taken as markers of disor-

dered static autoregulation after surgery.42 72 The immedi-

ate changes in static cerebral autoregulation after surgery

are of direct relevance to the perioperative haemodynamic

management of patients. On the one hand, if patients with

poor cerebral autoregulation show little improvement

immediately after surgery, the arterial pressure should not

be allowed to rise unduly in the postoperative period. On

the other, if autoregulation is intact, the arterial pressure

should be controlled with a view to the needs of the coron-

ary circulation. Further studies of the immediate changes

in static autoregulation after surgery would be of value.

Hyperperfusion syndrome

Between 1 and 3% of patients develop very dramatic

increases in cerebral blood flow with middle cerebral

artery blood flow velocities more than 100% above the

preoperative value. These patients develop the constella-

tion of symptoms known as the hyperperfusion syndrome

with ipsilateral headache, hypertension, seizures, and focal

neurological deficits. If not treated properly it can result in

cerebral oedema, intracerebral or subarachnoid haemor-

rhage, and death. Important risk factors for hyperperfusion

syndrome include diminished cerebrovascular reserve, pre-

operative hypertension, recent ipsilateral non-haemorrhagic

stroke, previous ischaemic cerebral infarction, surgery for

a .90% ipsilateral carotid artery stenosis, intraoperative

ischaemia or emboli, postoperative hypertension, and

hyperperfusion lasting more than several hours after

CEA.106 The arterial pressure should be aggressively

reduced and target arterial pressures lower than in other

groups of patients with symptoms of cerebral oedema may

be appropriate. Scozzafava and colleagues90 recently

described a systolic blood pressure target of between 90

and 140 mm Hg in this setting. It has been proposed that

cerebral hyperperfusion occurs in those patients who were

maximally vasodilated before surgery because their cer-

ebral perfusion was limited by a tight carotid stenosis.

Cerebral perfusion pressure is restored after surgery, but

the cerebral vasculature remains paretic and they are

unable to vasoconstrict.85 There are certainly data to

suggest an association between impaired carbon dioxide

reactivity and an increased risk of stroke in the non-

operative setting.94 Although it is known that carbon

dioxide reactivity improves in the months after surgery,

further studies conducted in the immediate postoperative

period would be of value.84 An alternative explanation is

that hyperperfusion represents a reperfusion syndrome.

Karapanayiotides and colleagues45 have described MRI

findings that are consistent with this hypothesis.

Conclusion

CEA is a valuable operation which has a firm evidence

base and can reduce the incidence of stroke in vulnerable

patients. However, much work still remains to be done;

the benefits of surgery in asymptomatic patients require

further study. It remains unclear if general or local anaes-

thesia offer particular benefits in this setting and the

results of the GALA study will shed light on this. Changes

in cerebral vascular reactivity and autoregulation after

surgery in the immediate postoperative period require

further delineation as these may help to dictate periopera-

tive haemodynamic management. The management of

postoperative haemodynamic instability and hyperperfu-

sion requires study, as the anaesthetist may be pulled

between the conflicting haemodynamic needs of the head

and the heart. The optimal management of the patients

with severe hypertension presenting for urgent surgery

remains unclear as does the best anaesthetic management

of patients undergoing surgery after a very recent TIA.

This is especially important if there is increasing evidence

to support early surgery in patients with symptomatic

carotid disease. CEA is a prophylactic operation which

only yields benefit if the risks of surgery are less than the

risks of medical management. The anaesthetist has an

important role in controlling perioperative risk in CEA.

Acknowledgements
I am grateful to my colleagues Drs Andrew Bodenham and Andrew
Lumb and Mr Michael Gough for their comments on the first draft of this
paper. Their suggestions substantially improved my manuscript. Such
shortcomings as are to be found in this review are, of course, of my
making.

Carotid endarterectomy

127



References
1 Acketaff RG, Moons KG, van de Vlasakker CJ, et al. Association

of intraoperative transcranial doppler monitoring variables with

stroke from carotid endarterectomy. Stroke 2000; 31: 1817–23
2 Allain R, Marone LK, Meltzer J, Jeyabalan G. Carotid endarter-

ectomy. Int Anesthesiol Clin 2005; 43: 15–38
3 Aono M, Sato J, Nishino T. Nitrous oxide increases normocap-

nic cerebral blood flow velocity but does not affect the dynamic

cerebrovascular response to step changes in end-tidal P(CO2) in
humans. Anesth Analg 1999; 89: 684–9

4 Artru AA, Merriman HG. Hypocapnia added to hypertension to
reverse EEG changes during carotid endarterectomy.
Anesthesiology 1989; 70: 1016–8

5 Ballotta E, Da Giau G, Renon L, et al. Cranial and cervical nerve
injuries after carotid endarterectomy: a prospective study.
Surgery 1999; 125: 85–91

6 Bond R, Rerkasem K, Counsell C, et al. Routine or selective

carotid artery shunting for carotid endarterectomy (and differ-
ent methods of monitoring in selective shunting). Cochrane
Database Syst Rev 2002; CD000190

7 Bonnet F, Derosier JP, Pluskwa F, Abhay K, Gaillard A. Cervical
epidural anaesthesia for carotid artery surgery. Can J Anaesth

1990; 37: 353–8
8 Boysen G, Ladegaard-Pedersen HJ, Henriksen H, Olesen J,

Paulson OB, Engell HC. The effects of PaCO2 on regional cer-
ebral blood flow and internal carotid arterial pressure during
carotid clamping. Anesthesiology 1971; 35: 286–300

9 Cao H, Kass IS, Cottrell JE, Bergold PJ. Pre- or postinsult admin-
istration of lidocaine or thiopental attenuates cell death in rat
hippocampal slice cultures caused by oxygen-glucose depri-
vation. Anesth Analg 2005; 101: 1163–9

10 Carling A, Simmonds M. Complications from regional anaesthe-

sia for carotid endarterectomy. Br J Anaesth 2000; 84: 797–800
11 Chaturvedi S, Bruno A, Feasby T, et al. Carotid endarterect-

omy–an evidence-based review: report of the Therapeutics and
Technology Assessment Subcommittee of the American

Academy of Neurology. Neurology 2005; 65: 794–801
12 Cho S, Fujigaki T, Uchiyama Y, Fukusaki M, Shibata O, Sumikawa

K. Effects of sevoflurane with and without nitrous oxide on
human cerebral circulation. Transcranial Doppler study.
Anesthesiology 1996; 85: 755–60

13 Chung F, Mezei G, Tong D. Pre-existing medical conditions as
predictors of adverse events in day-case surgery. Br J Anaesth
1999; 83: 262–70

14 Conti A, Iacopino DG, Fodale V, Micalizzi S, Penna O,
Santamaria LB. Cerebral haemodynamic changes during

propofol-remifentanil or sevoflurane anaesthesia: transcranial
Doppler study under bispectral index monitoring. Br J Anaesth
2006; 97: 333–9

15 Deogaonkar A, Vivar R, Bullock RE, Price K, Chambers I,
Mendelow AD. Bispectral index monitoring may not reliably

indicate cerebral ischaemia during awake carotid endarterect-
omy. Br J Anaesth 2005; 94: 800–4

16 Dingley J, Tooley J, Porter H, Thoresen M. Xenon provides
short-term neuroprotection in neonatal rats when administered

after hypoxia-ischemia. Stroke 2006; 37: 501–6
17 Engelhard K, Werner C. Inhalational or intravenous anesthetics

for craniotomies? Pro inhalational. Curr Opin Anaesthesiol 2006;
19: 504–8

18 Engelhard K, Werner C, Eberspacher E, et al. Influence of pro-

pofol on neuronal damage and apoptotic factors after incom-
plete cerebral ischemia and reperfusion in rats: a long-term
observation. Anesthesiology 2004; 101: 912–7

19 European Carotid Surgery Trialists’ Collaborative Group.
Randomised trial of endarterectomy for recently symptomatic
carotid stenosis: final results of the MRC European Carotid
Surgery Trial (ECST). Lancet 1998; 351: 1379–87

20 Executive Committee for the Asymptomatic Carotid
Atherosclerosis Study. Endarterectomy for asymptomatic
carotid artery stenosis. JAMA 1995; 273: 1421–8

21 Fearn SJ, Parry AD, Picton AJ, Mortimer AJ, McCollum CN.

Should heparin be reversed after carotid endarterectomy? A
randomised prospective trial. Eur J Vasc Endovasc Surg 1997; 13:
394–7

22 Feiner JR, Bickler PE, Estrada S, Donohoe PH, Fahlman CS,
Schuyler JA. Mild hypothermia, but not propofol, is neuropro-

tective in organotypic hippocampal cultures. Anesth Analg 2005;
100: 215–25

23 Fletcher JP, Morris JG, Little JM, Kershaw LZ. EEG monitoring
during carotid endarterectomy. Aust N Z J Surg 1988; 58: 285–8

24 Forrest JB, Rehder K, Cahalan MK, Goldsmith CH. Multicenter

study of general anesthesia. III. Predictors of severe periopera-
tive adverse outcomes. Anesthesiology 1992; 76: 3–15

25 Gaunt ME, Martin PJ, Smith JL, et al. Clinical relevance of intra-
operative embolization detected by transcranial Doppler ultra-
sonography during carotid endarterectomy: a prospective study

of 100 patients. Br J Surg 1994; 81: 1435–9
26 Godet G, Reina M, Raux M, Amour J, De Castro V, Coriat P.

Anaesthesia for carotid endarterectomy: comparison of
hypnotic- and opioid-based techniques. Br J Anaesth 2004; 92:

329–34
27 Grubhofer G, Plochl W, Skolka M, Czerny M, Ehrlich M,

Lassnigg A. Comparing Doppler ultrasonography and cerebral
oximetry as indicators for shunting in carotid endarterectomy.
Anesth Analg 2000; 91: 1339–44

28 Gumerlock MK, Neuwelt EA. Carotid endarterectomy: to shunt
or not to shunt. Stroke 1988; 19: 1485–90

29 Halsey JH, Jr. Risks and benefits of shunting in carotid endarter-
ectomy. The International Transcranial Doppler Collaborators.
Stroke 1992; 23: 1583–7

30 Hannan EL, Popp AJ, Fuestel P, et al. Association of surgical
speciality and processes of care with patient outcome for
carotid endarterectomy. J Vasc Surg 2001; 39: 372–80

31 Hanowell LH, Soriano S, Bennett HL. EEG power changes are
more sensitive than spectral edge frequency variation for

detection of cerebral ischemia during carotid artery surgery: a
prospective assessment of processed EEG monitoring.
J Cardiothorac Vasc Anesth 1992; 6: 292–4

32 Hans P, Bonhomme V. Why we still use intravenous drugs as the

basic regimen for neurosurgical anaesthesia. Curr Opin
Anaesthesiol 2006; 19: 498–503

33 Hans SS, Jareunpoon O. Prospective evaluation of electroence-
phalography, carotid artery stump pressure, and neurologic
changes during 314 consecutive carotid endarterectomies per-

formed in awake patients. J Vasc Surg 2007; 45: 511–5
34 Harada RN, Comerota AJ, Good GM, Hashemi HA, Hulihan JF.

Stump pressure, electroencephalographic changes, and the con-
tralateral carotid artery: another look at selective shunting. Am J
Surg 1995; 170: 148–53

35 Harrison M, Marshall J. The finding of thrombus at carotid
endarterectomy and its relationship to the timing of surgery.
Br J Surg 1977; 64: 511–2

36 Haupt WF, Horsch S. Evoked potential monitoring in carotid
surgery: a review of 994 cases. Neurology 1992; 42: 835–8

37 Hayes PD, Vainas T, Hartley S, et al. The Pruitt-Inahara shunt
maintains mean middle cerebral artery velocities within 10% of

Howell

128



preoperative values during carotid endarterectomy. J Vasc Surg
2000; 32: 299–306

38 Heifetz M, Schramek A, Yahel M, Birkhahn HJ. Hypercarbic
anaesthesia in carotid endarterectomy. Anaesthesia 1973; 28:

82–4
39 Hertzer NR, Beven EG, Young JR, et al. Coronary artery disease

in peripheral vascular patients. A classification of 1000 coronary
angiograms and results of surgical management. Ann Surg 1984;

199: 223–33
40 Holmstrom A, Akeson J. Desflurane increases intracranial

pressure more and sevoflurane less than isoflurane in pigs sub-
jected to intracranial hypertension. J Neurosurg Anesthesiol 2004;
16: 136–43

41 Holmstrom A, Akeson J. Sevoflurane induces less cerebral vaso-
dilation than isoflurane at the same A-line autoregressive index
level. Acta Anaesthesiol Scand 2005; 49: 16–22

42 Jorgensen LG, Schroeder TV. Defective cerebrovascular auto-
regulation after carotid endarterectomy. Eur J Vasc Surg 1993; 7:

370–9
43 Kaisti KK, Langsjo JW, Aalto S, et al. Effects of sevoflurane, pro-

pofol, and adjunct nitrous oxide on regional cerebral blood
flow, oxygen consumption, and blood volume in humans.
Anesthesiology 2003; 99: 603–13

44 Kaisti KK, Metsahonkala L, Teras M, et al. Effects of surgical
levels of propofol and sevoflurane anesthesia on cerebral blood
flow in healthy subjects studied with positron emission tom-
ography. Anesthesiology 2002; 96: 1358–70

45 Karapanayiotides T, Meuli R, Devuyst G, et al. Postcarotid endar-
terectomy hyperperfusion or reperfusion syndrome. Stroke
2005; 36: 21–6

46 Kearse LA, Jr, Brown EN, McPeck K. Somatosensory evoked
potentials sensitivity relative to electroencephalography for cer-

ebral ischemia during carotid endarterectomy. Stroke 1992; 23:
498–505

47 Kearse LA, Jr, Martin D, McPeck K, Lopez-Bresnahan M.
Computer-derived density spectral array in detection of mild
analog electroencephalographic ischemic pattern changes during

carotid endarterectomy. J Neurosurg 1993; 78: 884–90
48 Kim LJ, Martinez EA, Faraday N, et al. Cardiac troponin I pre-

dicts short-term mortality in vascular surgery patients.
Circulation 2002; 106: 2366–71

49 Kresowik TF, Bratzler DW, Kresowik RA, et al. Multistate

improvement in processes and outcomes of carotid endarter-
ectomy. J Vasc Surg 2004; 39: 372–80

50 Lam AM, Mayberg TS, Eng CC, Cooper JO, Bachenberg KL,
Mathisen TL. Nitrous oxide-isoflurane anesthesia causes more

cerebral vasodilation than an equipotent dose of isoflurane in
humans. Anesth Analg 1994; 78: 462–8

51 Landesberg G, Shatz V, Akopnik I, et al. Association of cardiac
troponin, CK-MB, and postoperative myocardial ischemia with
long-term survival after major vascular surgery. J Am Coll Cardiol

2003; 42: 1547–54
52 Lennard N, Smith J, Dumville J, et al. Prevention of postopera-

tive thrombotic stroke after carotid endarterectomy: the role of
transcranial Doppler ultrasound. J Vasc Surg 1997; 26: 579–84

53 Levi CR, O’Malley HM, Fell G, et al. Transcranial Doppler

detected cerebral microembolism following carotid endarterect-
omy. High microembolic signal loads predict postoperative cer-
ebral ischaemia. Brain 1997; 120: 621–9

54 Levison JA, Faust GR, Halpern VJ, et al. Relationship of prota-
mine dosing with postoperative complications of carotid endar-

terectomy. Ann Vasc Surg 1999; 13: 67–72

55 Ma D, Hossain M, Pettet GK, et al. Xenon preconditioning
reduces brain damage from neonatal asphyxia in rats. J Cereb
Blood Flow Metab 2006; 26: 199–208

56 Manninen PH, Tan TK, Sarjeant RM. Somatosensory evoked

potential monitoring during carotid endarterectomy in patients
with a stroke. Anesth Analg 2001; 93: 39–44

57 Matta BF, Lam AM. Nitrous oxide increases cerebral blood flow
velocity during pharmacologically induced EEG silence in

humans. J Neurosurg Anesthesiol 1995; 7: 89–93
58 Mauney MC, Buchanan SA, Lawrence WA, Bishop A, Sinclair K,

Daniel TM, et al. Stroke rate is markedly reduced after carotid
endarterectomy by avoidance of protamine. J Vasc Surg 1995;
22: 264–9; discussion 269–70

59 McCarthy RJ, McCabe AE, Walker R, Horrocks M. The value of
transcranial Doppler in predicting cerebral ischaemia during
carotid endarterectomy. Eur J Vasc Endovasc Surg 2001; 21:
408–12

60 McCarthy RJ, Nasr MK, McAteer P, Horrocks M. Physiological

advantages of cerebral blood flow during carotid endarterect-
omy under local anaesthesia. A randomised clinical trial. Eur J
Vasc Endovasc Surg 2002; 24: 215–21

61 McCulloch TJ, Thompson CL, Turner MJ. A randomized cross-
over comparison of the effects of propofol and sevoflurane on

cerebral hemodynamics during carotid endarterectomy.
Anesthesiology 2007; 106: 56–64

62 McKay RD, Sundt TM, Michenfelder JD, Gronert GA, Messick
JM, Sharbrough FW, et al. Internal carotid artery stump pressure

and cerebral blood flow during carotid endarterectomy: modifi-
cation by halothane, enflurane, and innovar. Anesthesiology 1976;
45: 390–9

63 Mehta M, Rahmani O, Dietzek AM, et al. Eversion technique
increases the risk for post-carotid endarterectomy hyperten-

sion. J Vasc Surg 2001; 34: 839–45
64 Mielck F, Stephan H, Weyland A, Sonntag H. Effects of one

minimum alveolar anesthetic concentration sevoflurane on cer-
ebral metabolism, blood flow, and CO2 reactivity in cardiac
patients. Anesth Analg 1999; 89: 364–9

65 Mohammed N, Anand SS. Prevention of disabling and fatal
strokes by successful carotid endarterectomy in patients
without recent neurological symptoms: randomized controlled
trial. MRC asymptomatic carotid surgery trial (ACST) collabora-
tive group. Lancet 2004; 363: 1491–502

66 Motamed C, Motamed-Kazerounian G, Merle JC, et al. Cardiac
troponin I assessment and late cardiac complications after
carotid stenting or endarterectomy. J Vasc Surg 2005; 41: 769–74

67 Muller M, Reiche W, Langenscheidt P, Hassfeld J, Hagen T.

Ischemia after carotid endarterectomy: comparison between
transcranial Doppler sonography and diffusion-weighted MR
imaging. Am J Neuroradiol 2000; 21: 47–54

68 Naylor R. Time is brain! Surgeon 2007; 5: 23–30
69 North American Symptomatic Carotid Endarterectomy Trial

Collaborators. Beneficial effect of carotid endarterectomy in
symptomatic patients with high-grade carotid stenosis. N Engl J
Med 1991; 325: 445–53

70 Nouraei SA, Al-Rawi PG, Sigaudo-Roussel D, Giussani DA,
Gaunt ME. Carotid endarterectomy impairs blood pressure

homeostasis by reducing the physiologic baroreflex reserve.
J Vasc Surg 2005; 41: 631–7

71 O’Connor CJ, Tuman KJ. Anesthetic considerations for carotid
artery surgery. In: Kaplan JA, Lake CL, Murray MJ, eds. Vascular
Anaesthesia, 2nd Edn. Philadelphia: Churchill Livingstone, 2004;

187–98

Carotid endarterectomy

129



72 Ogasawara K, Mikami C, Inoue T, Ogawa A. Delayed cerebral
hyperperfusion syndrome caused by prolonged impairment of
cerebrovascular autoregulation after carotid endarterectomy:
case report. Neurosurgery 2004; 54: 1258–61; discussion 1261–2

73 Ogawa Y, Iwasaki K, Shibata S, Kato J, Ogawa S, Oi Y. The effect
of sevoflurane on dynamic cerebral blood flow autoregulation
assessed by spectral and transfer function analysis. Anesth Analg
2006; 102: 552–9

74 Pandit JJ, Dutta D, Morris JF. Spread of injectate with superficial
cervical plexus block in humans: an anatomical study. Br J
Anaesth 2003; 91: 733–5

75 Payne RS, Akca O, Roewer N, Schurr A, Kehl F.
Sevoflurane-induced preconditioning protects against cerebral

ischemic neuronal damage in rats. Brain Res 2005; 1034:
147–52

76 Poisik A, Heyer EJ, Solomon RA, Quest DO, Adams DC,
Baldasserini CM, et al. Safety and efficacy of fixed-dose heparin
in carotid endarterectomy. Neurosurgery 1999; 45: 434–41

77 Reinhard M, Roth M, Muller T, et al. Effect of carotid endarter-
ectomy or stenting on impairment of dynamic cerebral autore-
gulation. Stroke 2004; 35: 1381–7

78 Rerkasem K, Bond R, Rothwell PM. Local versus general anaes-
thesia for carotid endarterectomy. Cochrane Database Syst Rev

2004; CD000126.
79 Rockman CB, Jacobowitz GR, Lamparello PJ, et al. Immediate

reexploration for the perioperative neurologic event after
carotid endarterectomy: is it worthwhile? J Vasc Surg 2000; 32:

1062–70
80 Rothwell PM, Eliasziw M, Gutnikov SA, et al. Analysis of pooled

data from the randomised controlled trials of endarterectomy
for symptomatic carotid stenosis. Lancet 2003; 361: 107–16

81 Rothwell PM, Eliasziw M, Gutnikov SA, Warlow CP, Barnett HJ.

Endarterectomy for symptomatic carotid stenosis in relation to
clinical subgroups and timing of surgery. Lancet 2004; 363:
915–24

82 Rothwell PM, Slattery J, Warlow CP. Clinical and angiographic
predictors of stroke and death from carotid endarterectomy:

systematic review. Br Med J 1997; 315: 1571–7
83 Royal College of Physicians of London. Royal College of

Physicians National Sentinal Stroke Audit 2004. Available from:
www.rcplondon.ac.uk/pubsbrochures/pub_print_natsenastr.htm

84 Russell D, Dybevold S, Kjartansson O, Nyberg-Hansen R,

Rootwelt K, Wiberg J. Cerebral vasoreactivity and blood flow
before and 3 months after carotid endarterectomy. Stroke 1990;
21: 1029–32

85 Russell DA, Gough MJ. Intracerebral haemorrhage following

carotid endarterectomy. Eur J Vasc Endovasc Surg 2004; 28:
115–23

86 Samra SK, Dorje P, Zelenock GB, Stanley JC. Cerebral oximetry
in patients undergoing carotid endarterectomy under regional
anesthesia. Stroke 1996; 27: 49–55

87 Samra SK, Dy EA, Welch K, Dorje P, Zelenock GB, Stanley JC.
Evaluation of a cerebral oximeter as a monitor of cerebral ische-
mia during carotid endarterectomy. Anesthesiology 2000; 93:
964–70

88 Sandmann W, Kolvenbach R, Willeke F. Risks and benefits of

shunting in carotid endarterectomy. Stroke 1993; 24: 1098–9
89 Schwarz G, Litscher G, Kleinert R, Jobstmann R. Cerebral oxi-

metry in dead subjects. J Neurosurg Anesthesiol 1996; 8: 189–93
90 Scozzafava J, Hussain MS, Yeo T, Jeerakathil T, Brindley PG. Case

report: Aggressive blood pressure management for carotid

endarterectomy hyperperfusion syndrome. Can J Anaesth 2006;
53: 764–8

91 Sekimoto K, Nishikawa K, Ishizeki J, Kubo K, Saito S, Goto F.
The effects of volatile anesthetics on intraoperative monitoring
of myogenic motor-evoked potentials to transcranial electrical
stimulation and on partial neuromuscular blockade during pro-

pofol/fentanyl/nitrous oxide anesthesia in humans. J Neurosurg
Anesthesiol 2006; 18: 106–11

92 Sheehan MK, Baker WH, Littooy FN, Mansour MA, Kang SS.
Timing of postcarotid complications: a guide to safe discharge

planning. J Vasc Surg 2001; 34: 13–6
93 Sigaudo-Roussel D, Evans DH, Naylor AR, Panerai RB, London

NL, Bell P, et al. Deterioration in carotid baroreflex during
carotid endarterectomy. J Vasc Surg 2002; 36: 793–8

94 Silvestrini M, Vernieri F, Pasqualetti P, et al. Impaired cerebral

vasoreactivity and risk of stroke in patients with asymptomatic
carotid artery stenosis. JAMA 2000; 283: 2122–7

95 Stoneham MD, Doyle AR, Knighton JD, Dorje P, Stanley JC.
Prospective, randomized comparison of deep or superficial cer-
vical plexus block for carotid endarterectomy surgery.

Anesthesiology 1998; 89: 907–12
96 Stoneham MD, Knighton JD. Regional anaesthesia for carotid

endarterectomy. Br J Anaesth 1999; 82: 910–9
97 Stoneham MD, Martin T. Increased oxygen administration during

awake carotid surgery can reverse neurological deficit following

carotid cross-clamping. Br J Anaesth 2005; 94: 582–5
98 Strandgaard S, Paulson OB. Antihypertensive drugs and cerebral

circulation. Eur J Clin Invest 1996; 26: 625–30
99 Strebel S, Kaufmann M, Anselmi L, Schaefer HG. Nitrous oxide

is a potent cerebrovasodilator in humans when added to isoflur-
ane. A transcranial Doppler study. Acta Anesthesiol Scand 1995;
39: 653–8

100 Strebel S, Kaufmann M, Baggi M, Zenklusen U. Cerebrovascular
carbon dioxide reactivity during exposure to equipotent isoflur-

ane and isoflurane in nitrous oxide anaesthesia. Br J Anaesth
1993; 71: 272–6

101 Summors AC, Gupta AK, Matta BF. Dynamic cerebral autoregu-
lation during sevoflurane anesthesia: a comparison with isoflur-
ane. Anesth Analg 1999; 88: 341–5

102 Tangkanakul C, Counsell C, Warlow C. Local versus general
anaesthesia for carotid endarterectomy. Cochrane Database Syst
Rev 2000: CD000126

103 Taylor DW, Barnett HJ, Haynes RB, et al. Low-dose and high-
dose acetylsalicylic acid for patients undergoing carotid endar-

terectomy: a randomised controlled trial. ASA and Carotid
Endarterectomy (ACE) Trial Collaborators. Lancet 1999; 353:
2179–84

104 Telman G, Kouperberg E, Nitecki S, et al. Cerebral hemody-

namics in symptomatic and asymptomatic patients with severe
unilateral carotid stenosis before and after carotid endarterect-
omy. Eur J Vasc Endovasc Surg 2006; 32: 375–8

105 Timmers HJ, Buskens FG, Wieling W, Karemaker JM, Lenders
JW. Long-term effects of unilateral carotid endarterectomy on

arterial baroreflex function. Clin Auton Res 2004; 14: 72–9
106 van Mook WN, Rennenberg RJ, Schurink GW, et al. Cerebral

hyperperfusion syndrome. Lancet Neurolology 2005; 4: 877–88
107 Webster SE, Payne DA, Jones CI, et al. Anti-platelet effect of

aspirin is substantially reduced after administration of heparin

during carotid endarterectomy. J Vasc Surg 2004; 40: 463–8
108 White RP, Markus HS. Impaired dynamic cerebral autoregulation

in carotid artery stenosis. Stroke 1997; 28: 1340–4
109 Wong JH, Findlay JM, Suarez-Almazor ME. Hemodynamic

instability after carotid endarterectomy: risk factors and associ-

ations with operative complications. Neurosurgery 1997; 41:
35–41

Howell

130



110 Yakhou L, Constant I, Merle JC, Laude D, Becquemin JP,
Duvaldestin P. Noninvasive investigation of autonomic activity
after carotid stenting or carotid endarterectomy. J Vasc Surg
2006; 44: 472–9

111 Yoshitani K, Kawaguchi M, Tatsumi K, Kitaguchi K, Furuya
H. A comparison of the INVOS 4100 and the NIRO 300

near-infrared spectrophotometers. Anesth Analg 2002; 94:
586–90

112 Zhan X, Fahlman CS, Bickler PE. Isoflurane neuroprotection in
rat hippocampal slices decreases with aging: changes in intra-

cellular Ca2þ regulation and N-methyl-D-aspartate receptor-
mediated Ca2þ influx. Anesthesiology 2006; 104: 995–1003

Carotid endarterectomy

131


