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ABSTRACT

Patients with complete carotid occlusion and recent ischemic symptoms

are at high risk for subsequent stroke, particularly those with evidence of severe

hemodynamic impairment due to poor collateral flow. Treatment options for these

patients include direct extracranial to intracranial arterial bypass, or interventions

aimed at improving collateral sources of flow such as endarterectomy or angio-

plasty and stenting of the ipsilateral external carotid artery, the contralateral

carotid artery, or the vertebral arteries. The evidence supporting the use of these

procedures for patients with complete occlusion of the carotid artery will be the

focus of this article. The use of physiologic imaging to select subgroups of patients

at high risk due to hemodynamic factors will also be discussed.
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EPIDEMIOLOGY

Complete occlusion of the carotid artery is common

in patients presenting with transient ischemic attack

(TIA) or stroke. Mead and associates1 studied 380

consecutive patients presenting to seven hospitals in

Manchester, England, over a 1-year period and

found complete occlusion in 50. Other investiga-

tors2–4 have reported a similar frequency of occlu-

sion in stroke and TIA populations. The prevalence

of asymptomatic occlusion is not known. Patients

with symptomatic occlusions are at high risk for sub-

sequent stroke. The annual risk for any stroke after

diagnosis of a complete occlusion is between 5% and

7% and the annual risk for stroke ipsilateral to the

carotid occlusion is between 2% and 6% per year.5–7
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The risk for future stroke is probably

much lower for patients who have no symptoms of

ischemia. Four prospective studies have been re-

ported to date with conflicting results. Three of the

four found a very low risk of stroke with one minor

stroke occurring in 72 patients followed for at least

2 years.8–10 In the fourth study, seven of 49 patients

followed for an average of 31.2 months suffered an

ipsilateral stroke.11

ASSESSMENT OF HEMODYNAMIC

FACTORS

Severe atherosclerotic disease of the carotid and

vertebral arteries or their intracranial branches

may lead to reduced perfusion pressure in the distal

cerebral circulation, depending on the adequacy of

collateral sources of blood flow. When perfusion

pressure is reduced, reflex changes of the cerebro-

vasculature occur to maintain the normal delivery of

oxygen to the brain and consequently, normal

neurologic function. These responses include auto-

regulatory vasodilation and increasing the fraction

of oxygen extracted from the blood (oxygen extrac-

tion fraction or OEF) as it passes through the

cerebral circulation. A number of different methods

of physiological imaging have been developed to

identify the presence of these compensatory me-

chanisms. Several studies have shown conclusively

that severe hemodynamic impairment is a powerful

predictor of subsequent stroke in patients with

carotid artery occlusion.10,12–14

The presence of complete arterial occlusion

does not reliably predict hemodynamic impairment

in individual patients.15 More than half of the 81

symptomatic patients and 31 of 36 asymptomatic

patients with complete carotid occlusion enrolled in

the St. Louis Carotid Occlusion Study, a prospec-

tive study of cerebral hemodynamics and stroke

risk, had normal OEF.7,8 Certain patterns of

collateral flow have been correlated with hemody-

namic impairment, but the ability of these

findings to identify individual patients with hemo-

dynamic impairment has been poor.16,17 Structural

imaging, such as angiography, demonstrates the

pathways of blood flow, but not the amount of

blood delivered.

There are specific clinical symptoms that

are associated with hemodynamic mechanisms and

hemodynamic impairment. These include limb-

shaking or orthostatic TIAs.18 While these symp-

toms are strongly associated with hemodynamic

impairment (high specificity), most patients with

hemodynamic impairment do not have these symp-

toms (low sensitivity).

Similarly, the finding of a linear pattern of

white matter infarctions in the white matter of

the centrum semiovale or corona radiata ipsilateral

to the occluded carotid artery is very specific for

hemodynamic impairment in that cerebral hemi-

sphere19,20 (Fig. 1). This finding is not very

sensitive, however.20

Single measurements of cerebral blood flow

(CBF) alone do not adequately assess cerebral

hemodynamic status. First, normal values may

be found when perfusion pressure is reduced, but

CBF is maintained by autoregulatory vasodilation.

Second, CBF may be low when perfusion pressure

Figure 1 Fluid attenuated inversion recovery (FLAIR)

magnetic resonance (MR) image of a 35-year-old woman

with moyamoya disease demonstrating bilateral centrum

semiovale white matter infarctions. This pattern of infarc-

tion is associated with hemodynamic impairment. A small

right motor cortex infarction is also present, corresponding

to a minor stroke affecting her left hand.
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is normal. This can occur when the metabolic

demands of the tissue are low. Reduced flow due

to reduced metabolic demand may not cause con-

fusion when low regional CBF is measured in areas

of frank tissue infarction. However, blood flow can

also be reduced in normal, uninfarcted tissue due to

the destruction of normal afferent or efferent fibers

by a remote lesion as well.21

As a consequence of these issues, three basic

strategies of hemodynamic assessment have been

developed, all based on the assumption that the

chronic, regional reductions in perfusion pressure in

humans lead to the same compensatory mechanisms

as have been observed in animal and human studies

of acute and global reductions in perfusion pres-

sure.22 These methods are indirect—the presence

of hemodynamic impairment is inferred when a test

is abnormal.

The first strategy relies on paired blood flow

measurements with the initial measurement ob-

tained at rest and the second measurement obtained

following a cerebral vasodilatory stimulus. Hyper-

capnia, acetazolamide, and physiologic tasks such

as hand movement have been used as vasodilatory

stimuli. Normally, each will result in a robust

increase in CBF. If the CBF response is muted or

absent, pre-existing autoregulatory cerebral vasodi-

lation due to reduced cerebral perfusion pressure

is inferred. Quantitative or qualitative (relative)

measurements of CBF can be made using a variety

of methods, including 133Xenon by inhalation or

intravenous injection, single photon emission com-

puted tomography, stable xenon computed tomo-

graphy, positron emission tomography (PET), and

magnetic resonance imaging (MR). Changes in the

velocity of blood in the middle cerebral artery trunk

or internal carotid artery can be measured with

transcranial Doppler and MR. The blood flow

or blood velocity responses to these vasodilatory

stimuli have been categorized into several grades

of hemodynamic impairment: (1) reduced augmen-

tation (relative to the contralateral hemisphere or

normal controls); (2) absent augmentation (same

value as baseline); and (3) paradoxical reduction in

regional blood flow compared with baseline mea-

surement. This final category, also called the ‘‘steal’’

phenomenon, can only be identified with quantita-

tive CBF techniques.23

The second strategy uses either the measure-

ment of regional cerebral blood volume (CBV)

alone or in combination with measurements of

CBF in the resting brain to detect reduced perfusion

pressure. The CBV/CBF ratio (or, inversely, the

CBF/CBV ratio), mathematically equivalent to

the vascular mean transit time, may be more sensi-

tive than CBV alone for the identification of auto-

regulatory vasodilation. It may be less specific,

however. The CBV/CBF ratio may increase in

low-flow conditions with normal perfusion pres-

sure, such as hypocapnia. Quantitative regional

measurements of CBV and CBF can be made

with PET or single photon emission computed

tomography. MR techniques for the quantitative

measurement of CBV have been developed.

Patients are identified as abnormal with these tech-

niques based on comparison of absolute quantitative

values or hemispheric ratios of quantitative values to

the range observed in normal control subjects. One

issue that remains unresolved is to what extent

autoregulatory vasodilation of arterioles gives rise

to measurable increases in the CBV. Experimental

data have produced conflicting results.24–26 While

increases in CBV almost certainly indicate auto-

regulatory vasodilation, the significance of normal

CBV in patients with increased OEF—a frequent

finding—is unclear.27 Thus, the sensitivity and

specificity of CBV measurements for detecting

reduced CPP is not known.

The third strategy relies on direct measure-

ments of OEF to identify patients with increased

oxygen extraction (Fig. 2). At present, regional

measurements of OEF can be made only with

PET using O-15 labeled radiotracers. Both absolute

values and side-to-side ratios of quantitative and

relative OEF have been used for the determination

of abnormal from normal. MR measurements using

pulse sequences sensitive to deoxy-hemoglobin

(which is increased in regions with increased oxygen

extraction) are being developed to provide similar

information.28
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ROLE OF HEMODYNAMICS

IN STROKE RISK

As these methods are indirect and inferential, the

association between each of these methods and

stroke risk must be empirically proven. The mea-

surement of increased OEF in the hemisphere distal

to an occluded or stenotic carotid artery has been

proven as a powerful predictor of subsequent

stroke.7,13 At present the best evidence for an

association between hemodynamic impairment

and stroke risk is for PET measurements of OEF

and breath-holding transcranial Doppler.10,22,29

Yamauchi and colleagues13 reported 52 pa-

tients with high-grade stenoses and occlusions of

the internal carotid and middle cerebral arteries.

OEF was measured on study entry. Twelve patients

were censored due to interval surgical revasculariza-

tion. The presence of increased OEF, defined by

absolute regional OEF above the 95th percentile

from the mean in normal controls (53.3%),

was strongly associated with a stroke during study

follow-up.

Grubb and coworkers7 reported the outcome

of 81 patients with symptomatic carotid occlusion,

the results of the STLCOS. This was a blinded,

prospective study of 81 patients with symptomatic

carotid occlusion that also specifically assessed the

impact of other risk factors. The risk of all stroke

and ipsilateral ischemic stroke in symptomatic

subjects with increased OEF was significantly

higher than in those with normal OEF (log

rank p¼ 0.005 and p¼ 0.004m respectively).

Univariate and multivariate analysis of 17 baseline

stroke risk factors confirmed the independence of

this relationship. The age-adjusted relative risk

conferred by increased OEF was 6.0 (95% CI 1.7

to 21.6) for all stroke and 7.3 (95% CI 1.6 to 33.4)

for ipsilateral ischemic stroke. An increase OEF was

identified by a hemispheric ratio above the normal

range.

What is the mechanism of stroke in these

patients? Human and animal studies suggest a

powerful synergy between hemodynamic and

embolic mechanisms. Clinically silent emboli are

commonly identified in vessels distal to sympto-

matic carotid stenosis.30 Animal studies have shown

that for a given embolic event, the size of infarction

is markedly increased if there is pre-existing hemo-

dynamic impairment.31 Furthermore, there is some

evidence from animal studies that increased baseline

levels of CBF are protective against ischemic

injury.32 In humans, we have proof that the pre-

sence of hemodynamic impairment, identified by

Figure 2 Compensatory increase in OEF as identified by PET. These images are from a neurologically normal patient with

a unilateral carotid occlusion due to atherosclerosis. CBF is reduced on the left image (CBF, arrows). Oxygenmetabolism is

normal, however (CMRO2, middle image), owing to a compensatory increase in oxygen extraction (OEF, right image,

arrows). OEF, oxygen extraction fraction; PET, positron emission tomography; CBF, cerebral blood flow.
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some, but not all, imaging methods, is a powerful

and independent risk factor for stroke in patients

with carotid atherosclerotic occlusive disease.10,12–14

It is likely that the majority of strokes in these

patients occur due to embolic material and that the

presence of hemodynamic impairment increases the

chances that an embolic event will result in an

ischemic stroke.

IMPROVEMENT IN HEMODYNAMICS

OVER TIME

It is possible for collateral sources of blood flow to

improve over time in patients with atherosclerotic

carotid artery occlusion.33–35 As part of the

STLCOS, we repeated PET measurements of

cerebral hemodynamics in ten patients with in-

creased OEF and no interval stroke.35 We found

that OEF can improve over time, presumably due

to increased CBF through collateral channels. The

duration between initial and follow-up studies rang-

ed from 12 to 59 months. The initial ipsilateral-to-

contralateral ratio of OEF for the ten patients was

1.164 (mean absolute ipsilateral OEF was 0.478).

The upper limit of ipsilateral-to-contralateral OEF

ratios observed in 17 normal subjects was 1.085.

The mean OEF ratio fell to 1.076 on follow-up

examination (p¼ 0.022). Individually, the OEF

ratio fell in eight patients and rose slightly in two.

The follow-up OEF ratio was within the normal

range in five of the eight patients. The improvement

in the OEF ratio was a function of time: the longer

the duration between studies, the greater the im-

provement in OEF (p¼ 0.02, r¼ 0.706). Examina-

tion of other variables revealed a parallel increase in

the mean ratio of ipsilateral to contralateral CBF

from 0.806 to 0.847 (p¼ 0.021).

In addition, it appears that stroke risk may

improve over time in this patient population. The

cumulative hazard curve in both medical and surgi-

cal groups in the Extracranial to Intracranial (EC/

IC) Bypass Trial flattened considerably after the

first 2 years.36 We observed a similar phenomenon

in the STLCOS (Fig. 3).

Figure 3 The frequency of stroke may be higher during the first 2 years of follow-up for the 81 symptomatic patients with

atherosclerotic carotid artery occlusion enrolled in the St. Louis Carotid Occlusion Study. The left axis is the left-to-right

hemispheric ratio of OEF. The dotted lines indication the normal range—values above or below the line indicate increased

OEF beyond the normal range. The x-axis indicates the duration of follow-up after enrollment for patients without stroke

and the time of stroke after enrollment for patients suffering stroke during the follow-up period. OEF, oxygen extraction

fraction.
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DIRECT REVASCULARIZATION

PROCEDURES

Extracranial to Intracranial Arterial Bypass

The EC/IC Bypass Trial was a large, international,

randomized controlled trial which showed no ben-

efit for superficial temporal artery to middle cerebral

artery (STA-MCA) bypass over medical therapy in

808 patients with symptomatic carotid occlusion.36

Several criticisms of the trial were raised after

publication of this study. These included the fact

that the superficial temporal artery was a relatively

low-flow donor artery and the possibility that many

of the highest-risk patients may have been operated

on outside of the trial and not enrolled.37–39

The first criticism is probably baseless, as several

studies have documented that STA-MCA bypass

is sufficient to reverse abnormally elevated

OEF.40–43

One valid criticism was the inability to iden-

tify patients at high risk for stroke due to hemody-

namic factors.44,45 At the time of the study there

was no proven method to identify these patients. It

is now established that many patients with complete

carotid artery occlusion and normal cerebral hemo-

dynamics have a low risk of subsequent stroke, and

therefore little to gain from EC/IC bypass. The

failure of the EC/IC Bypass Trial to demonstrate

efficacy may have been due to the inclusion of many

such patients.

The Carotid Occlusion Surgery Study is a

randomized trial of STA-MCA bypass for selected

symptomatic patients with increased OEF by

PET.46 This trial is designed to test the hypothesis

that STA-MCA bypass, when combined with the

best medical therapy, can reduce by 40%, despite

perioperative stroke and death, subsequent ipsilat-

eral ischemic stroke at 2 years. Patients must have

recent cerebral ischemic symptoms and increased

OEF as measured by PET. Approximately 930

clinically eligible patients will be enrolled to yield

372 patients with increased OEF. Randomization is

1:1. This will provide 90% power to detect a 40%

reduction in primary outcome in favor of the surgery

arm with a 5% level two-sided test. This study has

been funded by the National Institutes of Health

and is under way (NS39526).

In summary, the benefit of EC/IC bypass

is unproven. Given the results of the EC/IC

Bypass Trial, the only present indication for direct

EC/IC bypass in North American patients

with symptomatic atherosclerotic carotid artery oc-

clusion is within the Carotid Occlusion Surgery

Study.

Direct Endovascular Recanalization

Recanalization of chronically occluded arteries in

the periphery may be technically feasible, particu-

larly with the advent of covered stent-grafts.47,48

Recanalization of a chronic carotid occlusion

has not been reported. Angioplasty and stent-

ing for acute carotid occlusions in the setting

of intra-arterial stroke treatment has been

performed.49,50

Indirect Procedures

Interventions aimed at improving collateral flow in

patients with complete carotid occlusion include

endarterectomy or angioplasty and stenting of ipsi-

lateral common and external carotid arteries, con-

tralateral carotid arteries, and vertebral arteries,

depending on the sources of collateral flow. The

best level of evidence for any of these interventions

is for carotid endarterectomy. This operation has

been proven to reduce stroke risk in symptomatic

and asymptomatic populations, when compared

with best medical therapy.51–53 Angioplasty is a

reasonable alternative for patients who are not

good surgical candidates.54 One caveat for angio-

plasty and stenting is for lesions at the vertebral

origin. These lesions often restenose or occlude. In

one significant prospective study > 50% stenosis or

occlusion occurred in four of six patients treated.55

Drug-eluting stents may improve outcome at this

location.
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SUMMARY

The current indications for revascularization proce-

dures for patients with carotid occlusion are limited.

There are no randomized trials proving benefit of

intervention in this population. The only trial to

date showed no benefit of EC/IC bypass. Never-

theless, the data are compelling that hemodynamic

factors play an important role in the risk for future

stroke, particularly in symptomatic patients. The

ongoing Carotid Occlusion Surgery Study will

provide critical information regarding the benefit

of this procedure. Interventions aimed at improving

collateral flow for symptomatic patients with evi-

dence of severe hemodynamic impairment make

intuitive sense, but there are no data from rando-

mized trials to support this practice. Physiological

studies aimed at determining hemodynamic status

will likely become common clinical tools to deter-

mine prognosis and optimal therapy.
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