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BACKGROUND AND PURPOSE: A potential source of complication at carotid endarterec-
tomy (CEA) is cerebral ischemia caused by hypoperfusion during clamping of the carotid
artery. Configuration of primary collateral pathways may be a major risk factor for develop-
ment of transient cerebral ischemia during clamping. We investigated whether circle of Willis
morphology on 3D time-of-flight (TOF) MR angiograms can reliably predict transient ischemia
during vascular clamping of the internal carotid artery (ICA) in patients undergoing CEA.

METHODS: Three-dimensional TOF MR angiography and CEA were performed in 117
patients. Patients had unilateral stenosis (n � 86), unilateral stenosis with contralateral
occlusion (n � 21), or bilateral severe stenosis (n � 10) of the ICA. Circle of Willis morphology
on preoperative 3D TOF MR angiograms was analyzed and correlated with intraoperative
history of ischemia during vascular clamping of the ICA.

RESULTS: Patients with unilateral stenosis or bilateral severe stenosis experienced transient
ischemia during clamping of ICA at a low rate (11 [11%] of 96). In these groups, we found no
specific circle of Willis patterns associated with development of intraoperative ischemia.
However, patients with contralateral ICA occlusion experienced ischemia frequently during
clamping of the ICA (12 [57%] of 21). In this group, incompleteness of the circle of Willis was
significantly related to the risk of intraoperative ischemia (P � .005).

CONCLUSION: In patients without contralateral ICA occlusion, circle of Willis morphology
on 3D TOF MR angiograms cannot predict the development of intraoperative ischemia.
However, in patients with contralateral ICA occlusion, incompleteness of the posterior part of
the circle of Willis is a significant risk factor for development of ischemia during vascular
clamping of the ICA.

Carotid endarterectomy (CEA) is an important treat-
ment for patients with more severe stenosis of the
carotid artery (1–3). But one of the potential sources
of procedure-related complication is cerebral isch-
emia caused by cerebral hypoperfusion during clamp-
ing of the carotid artery to perform CEA (1, 3–6).

About 10–20% of patients undergoing CEA will not
tolerate cross-clamping of the internal carotid artery
(ICA) and will require placement of an intraluminal
shunt to prevent intraoperative cerebral ischemia (3).
However, the use of an intraluminal shunt during
CEA remains controversial. It may reduce cerebral
hypoperfusion but may also carry an additional risk of
complications such as thromboembolism or dissection
of the carotid artery (7). When shunt surgery is per-
formed selectively, there are several methods to as-
sess the need for shunt placement. In most cases,
patients are monitored intraoperatively through con-
tinuous electroencephalography, neurologic evalua-
tion of the awake patient under local anesthesia, or
carotid stump pressure measurements (1).

In patients with carotid artery stenosis, cerebral
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perfusion is dependent not only on the degree of
stenosis, but also on the collateral pathways (3, 4,
8–12). Several collateral pathways may contribute to
cerebral perfusion. Primary collateral vessels are the
circle of Willis, which can respond quickly to low
perfusion pressure with simple reversal of flow. Sec-
ondary collateral vessels such as ophthalmic artery
and pial arteries require time for recruitment and are
usually acquired in response to the stress of chronic
hypoperfusion (8–10). Therefore, the configuration
of primary collateral pathways may be a major risk
factor for development of transient cerebral ischemia
during clamping of the ICA. In the literature, con-
ventional angiography, transcranial Doppler ultra-
sonography, and phase contrast MR angiography
were used in several reports to evaluate whether col-
lateral cerebral blood flow through the anterior and
posterior communicating arteries protects against ce-
rebral ischemia during CEA (3, 4, 12, 13). Three-
dimensional time-of-flight (TOF) MR angiography is
a noninvasive and sensitive technique for detecting
the anatomy of the circle of Willis, which can provide
much important information without the need for
invasive study (14).

In this study, we investigated whether circle of
Willis morphology on 3D TOF MR angiograms can
reliably predict transient ischemia during vascular
clamping of the ICA in patients underoing CEA.

Methods

Patient Population
Among 231 patients who had ICA stenosis and were treated

with CEA at our institution from 1997 to 2001, we recruited
117 patients who had available preoperative 3D TOF intracra-
nial MR angiograms. Our institutional review board approved
the study protocol before initiating the review. There were 105
male and 12 female patients with a mean age of 66 years
(range, 46–82 years). Patients were divided into three groups:
unilateral ICA stenosis (group A, n � 86), unilateral ICA
stenosis with contralateral ICA occlusion (group B, n � 21),
and bilateral severe stenosis (group C, n � 10). The patients
were categorized into three groups because we hypothesized
that contralateral ICA occlusion or bilateral severe ICA steno-
sis could be associated with a higher risk of ischemia during
clamping of a carotid artery than could unilateral ICA stenosis
alone.

MR Angiography

Preoperative MR angiography was performed with two
1.5-T MR imaging systems (Magnetom Vision; Siemens, Er-
langen, Germany and Signa CVi; GE Medical System, Milwau-
kee, WI). In all patients, 3D TOF MR angiography of the circle
of Willis and contrast material–enhanced MR angiography of
cervical arteries were performed. We obtained 3D multislab
TOF MR angiograms from the petrous portion of the ICA to
the level of the genu portion of the corpus callosum by using
the following imaging parameters: 25�35/3�7/1 (TR/TE/exci-
tation), flip angle of 20°, five slabs, effective section thickness of
0.8 mm, field of view of 200 mm, and matrix of 256 � 256. The
angiographic images were reconstructed with a maximum in-
tensity projection (MIP) algorithm. Two sets of 15 MIP images
were obtained by rotation of the stacked images along the
vertical axis and horizontal axis. We also performed contrast-
enhanced MR angiography of proximal cervical vessels from

the aortic arch to the level of central skull base by using an
intravenous bolus injection of 20 mL (3–4 mL/s) of gado-
pentetate dimeglumine (Magnevist; Schering, Berlin, Ger-
many) and the following imaging parameters: 3�7/1�2/1 [TR/
TE/NEX], flip angle of 40°, single coronal slab thickness of
6.4–8 cm, effective section thickness of 1–2 mm, field of view of
260–280 mm, and matrix of 256 � 256. The angiographic
images of proximal cervical arteries were reconstructed with
the MIP algorithm. One set of 15 MIP images was obtained by
rotation of the stacked images along a vertical axis. Percentage
stenosis of the ICA was determined from contrast-enhanced
MR angiograms per North American Symptomatic Carotid
Endarterectomy Trial criteria. Those with less than 30% ste-
nosis were graded as mild, 30–69% as moderate, and 70–99%
as severe (3). Posterior circulations were normal in all subjects.

Two independent radiologists (J.H.L., C.G.C.) evaluated
circle of Willis morphology on preoperative 3D TOF MR
angiograms. The features of anterior and posterior parts of the
circle of Willis were evaluated separately and categorized into
five patterns (Fig 1). According to the vessel size seen on 3D
TOF MR angiograms, the component vessels consisting of
circle of Willis were regarded as normal, hypoplastic, or absent.
In this study, we considered the anterior communicating artery
as normally patent if the segment of anterior communicating
artery was clearly visualized or junctions of A1 and A2 seg-
ments were in close contact and therefore were not separable
with each other on 3D TOF MR angiograms. Hypoplastic A1
segment of anterior cerebral artery was defined when the di-
ameter of the artery was less than half of the contralateral A1
segment. In a case of posterior communicating artery or P1
segment of posterior cerebral artery, hypoplasia was defined
when the diameter of the artery was less than half of contralat-
eral P1 segment or posterior communicating artery, respec-
tively. If one of the components of anterior or posterior circle
of Willis was hypoplastic, it was considered as indeterminate
for its role as a collateral pathway of cerebral blood flow. If one
of the components of the circle of Willis was absent, it was
considered as incomplete. After review of 3D TOF MR angio-
grams, circle of Willis morphology was classified as good com-
municator when at least one of the two parts was complete; it
was considered as poor communicator when either part was
incomplete. If the circle of Willis morphology took such pattern
as indeterminate-indeterminate, indeterminate-incomplete, or
incomplete-indeterminate, it was considered as uncertain for
its role as a collateral and was excluded from the final analysis.

Carotid Endarterectomy

Experienced vascular surgeons (D.K.K., G.E.K.) performed
CEA with the patient under local anesthesia. All patients were
given a local blockade of the cervical plexus to monitor tran-
sient cerebral ischemia in an alert state. After clamping of the
carotid artery, patients were monitored whether transient ce-
rebral ischemia such as mentality change or decreased hand
motor power occurred. In those patients with symptoms of
cerebral ischemia, a temporary intraluminal shunt was intro-
duced and then, CEA was performed. In all other patients,
CEA was performed without an intraluminal shunt. An episode
of intraoperative hypotension was not observed in any patient.

Statistical Analysis

The completeness of the anterior or posterior part of the
circle of Willis was correlated with the intraoperative history of
transient ischemia during carotid clamping in each patient
group. Statistical significance was evaluated with the Pearson
�2 test. P values less than .05 were considered to indicate a
statistically significant difference. Interobserver variability in
the interpretation of circle of Willis morphology on 3D TOF
MR angiograms was calculated by using the Cohen � statistic.
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Agreement was classified as moderate (� � 0.40–0.79), excel-
lent (� � 0.80–0.99), or perfect (� � 1.00).

Results

Table 1 shows demographic data and preoperative
degree of ICA stenosis for the three groups of pa-
tients, according to those with and those without
transient ischemia during carotid clamping. Com-
pared with patients in group A, those in group B
showed a much higher rate of transient ischemia
during carotid clamping (12.8% in group A versus
57.1% in group B). None of the patients in group C
experienced ischemia during CEA. Table 2 shows the
distribution of morphologic patterns of the anterior
and posterior parts of the circle of Willis in the three

patient groups. In group A, complete pattern of the
anterior part of circle of Willis was the most frequent
type (69 [80%] of 86), but in the posterior part an
incomplete pattern was the most frequent type (64
[74%] of 86). The frequency of complete pattern of
the anterior part in group B (nine [43%] of 21) was
lower than that of group A, but the frequency of
incomplete pattern of posterior part in group B (16
[76%] of 21) was similar to that of group A. There
was excellent interobserver agreement for the inter-
pretation of 3D TOF MR angiograms (� � 0.835).
Table 3 shows the status of the entire circle of Willis
in the group without contralateral occlusion (groups
A and C together) and the group with contralateral
occlusion (group B). Statistical analysis revealed that

FIG 1. Schematic views of anatomic variations of the anterior (A) and posterior (B) parts of the circle of Willis. Only the right side is
presented. The left side is a mirror image of the right side.

A, Demonstrable anterior communicating artery (a), approximated both proximal A1 segments without demonstrable anterior
communicating artery (b), hypoplastic contralateral A1 segment (c), widely separated both A1 segments with no demonstrable anterior
communicating artery (d), absence of contralateral A1 segment (e). The anterior part of the circle of Willis is considered as complete in
types a and b, incomplete in types d and e, or indeterminate in type c.

B, Demonstrable ipsilateral posterior communicating artery and P1 segment (a), hypoplastic ipsilateral posterior communicating artery
or ipsilateral P1 segment (b1 and b2), no demonstrable ipsilateral posterior communicating artery (c), no demonstrable ipsilateral P1
segment (d). The posterior part of the circle of Willis is considered as complete in type a, incomplete in types c and d, or indeterminate
in type b (b1 or b2).

TABLE 1: Patient demographic data and preoperative degree of ICA stenosis

Group A, Unilateral Stenosis
(n � 86)

Group B, Contralateral
Occlusion (n � 21)

Group C, Bilateral Severe
Stenosis (n � 10)

Ischemia*
(n � 11)

No Ischemia*
(n � 75)

Ischemia*
(n � 12)

No Ischemia*
(n � 9)

Ischemia*
(n � 0)

No Ischemia*
(n � 10)

Demographic data
Mean age (y) 63.8 66.8 64.5 63.1 ND 66.3
Male/Female 11/0 67/8 10/2 9 ND 8/2

Degree of ICA stenosis
Clamped side

Mild to moderate 0 20 6 1 ND 0
Severe 11 55 6 8 ND 10

Contralateral side
Normal 4 55 0 0 ND 0
Mild to moderate 7 20 0 0 ND 0
Severe 0 0 0 0 ND 10
Occlusion 0 0 12 9 ND 0

Note.—ND indicates no data.
* Intraoperative episode.
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the risk of intraoperative transient ischemia was
significantly increased in group B (patients with con-
tralateral ICA occlusion) when the circle of Willis was
a poor communicator (P � .005). In the group with-
out contralateral occlusion, we could not find a spe-
cific pattern of circle of Willis related to the risk of
intraoperative ischemia. Even in eight patients who
had incomplete patterns of both anterior and poste-
rior parts of the circle of Willis, only one patient
developed ischemia during vascular clamping of the
ICA. However, in the group with contralateral occlu-
sion (group B), all 12 patients who developed isch-
emia during CEA had an incomplete pattern of the
posterior part of the circle of Willis. Eight of them
also had an incomplete pattern of the anterior part of
the circle of Willis (Fig 2), and the other four patients
had a complete pattern of the anterior part. Another
four patients in group B, who had complete anterior
and incomplete posterior parts of the circle of Willis,
did not develop intraoperative ischemia (Table 4, Fig 3).

Discussion
The present study relates circle of Willis morphol-

ogy on preoperative 3D TOF MR angiograms to
transient ischemia during the clamping of ICA in
CEA procedures. We found that an incomplete circle
of Willis increased the risk of transient cerebral isch-
emia during carotid clamping in patients with con-
tralateral ICA occlusion. But for patients with unilat-
eral ICA stenosis or bilateral severe stenosis, no
statistically significant relation was found between the
circle of Willis morphology and the presence of in-

traoperative cerebral ischemia. Detailed analysis of
anterior and posterior parts of the circle of Willis
showed that in patients with contralateral ICA occlu-
sion, the absence of collateral flow from the posterior
circulation is associated with a high risk of transient
cerebral ischemia during carotid artery clamping, in-
dicating that the presence of collateral flow from the
posterior circulation may protect against hemody-
namic compromise of the brain during carotid clamp-
ing. Occlusion of the contralateral ICA has been
considered as a risk factor for surgery (4, 15). The
increased intraoperative risk in patients with con-
tralateral ICA occlusion is related to the whole de-
pendency on collateral flow from the posterior circu-
lation. Therefore, for patients with contralateral
occlusion, it may be important to assess carefully the
anatomic configuration or completeness of the circle
of Willis before surgery or carotid stent placement
procedure to avoid potential ischemic brain damage
during the clamping or occlusion of the ICA.

Our observation is in line with that of previous
reports (9, 16). Schomer et al (9) used conventional
angiography and 3D phase-contrast MR angiography
to study 29 patients with ICA occlusion and found
that a smaller than 1 mm in diameter or absent
ipsilateral posterior communicating artery is a risk
factor for ischemic cerebral infarction in patients with
ICA occlusion. Hendrikse et al (16) used 3D TOF
and 2D phase-contrast MR angiography to study 51
patients with unilateral occlusion of the ICA and
found that in patients with unilateral ICA occlusion,
the presence of collateral flow via the posterior com-

TABLE 2: Morphology of anterior and posterior parts of the circle of Willis

Patterns of Circle of Willis

Group A, Unilateral Stenosis
(n � 86)

Group B, Contralateral
Occlusion (n � 21)

Group C, Bilateral Severe
Stenosis (n � 10)

Ischemia
(n � 11)

No Ischemia
(n � 75)

Ischemia
(n � 12)

No Ischemia
(n � 9)

Ischemia
(n � 0)

No Ischemia
(n � 10)

Anterior part
Complete 10 59 4 5 ND 4
Indeterminate 0 10 3 4 ND 3
Incomplete 1 6 5 0 ND 3

Posterior part
Complete 2 5 0 4 ND 2
Indeterminate 0 15 0 1 ND 1
Incomplete 9 55 12 4 ND 7

Note.—ND indicates no data. In the anterior part, complete type corresponds to a and b; indeterminate type, c; and incomplete type, d and e in
Fig 1A. In the posterior part, complete type corresponds to a; indeterminate type, b1 and b2; and incomplete type, c and d in Fig 1B.

TABLE 3: Distribution of circle of Willis status in the patients without contralateral occlusion (groups A � C) and those with contralateral oc-
clusion (group B)

Circle of Willis Status

Group A � C Group B

Ischemia
(n � 11)

No Ischemia
(n � 85)

Ischemia
(n � 12)

No Ischemia
(n � 9)

Good communicator 9 68 4 8
Poor communicator 2 6 8
Uncertain communicator* 11 1

* These are composed of circle of Willis patterns of indeterminate-indeterminate, indeterminate-incomplete, and incomplete-indeterminate.
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municating artery is associated with a low prevalence
of border zone infarcts.

In the other patient groups who had unilateral
stenosis or bilateral severe stenosis, we could not find
a specific pattern of the circle of Willis on 3D TOF
MR angiograms related to the development of intra-
operative cerebral ischemia during the clamping of
the ICA. Although 3D TOF MR angiography has
been known to have a high sensitivity and specificity
for depicting the anatomy of the circle of Willis, it has
some limitations in displaying small collateral chan-
nels because of turbulent flow, saturation effect of
slow flow or long in-plane flow, or slower velocity of
blood adjacent to the wall due to laminar flow (14). In
addition, in patients with normal cerebral perfusion in
the resting state, balanced blood flow into anterior or
posterior communicating arteries may not be suffi-
cient to be seen on MR angiograms, which may de-
crease the sensitivity of MR angiography further in

depicting small collateral channels. MIP images do
not display this low signal intensity if it does not
exceed the signal intensity of the background. Al-
though the anterior or posterior communicating ar-
tery appears as hypoplastic or absent on 3D TOF MR
angiograms, it could be due to relatively small or no
flow in a patent artery. Those can be applied to
patients with extremely severe stenosis of the proxi-
mal ICA, also. The presence of a severe stenosis at
the carotid bifurcation can diminish the flow-related
enhancement in the downstream arterial bed. Poor
flow-related enhancement throughout the hemi-
sphere can make patent anterior communicators
mimic, apparently, hypoplastic ones. In this study, we
had four cases with diminished flow-related enhance-
ment due to severe stenosis of ipsilateral proximal
ICA. This phenomenon could partly explain our re-
sult of no significant relationship between morpho-
logic pattern of the circle of Willis on 3D TOF MR
angiograms and transient ischemia during carotid
clamping in patients with unilateral ICA stenosis or
bilateral severe ICA stenosis. As an example, we can
expect that the incompleteness of both the anterior
and posterior parts of the circle of willis on 3D TOF MR
angiograms is a risk factor for the development of in-
traoperative ischemia in patients without contralateral
ICA occlusion. Contrary to our expectation, however,
seven of eight patients who had incomplete circle of
Willis in both anterior and posterior parts did not de-
velop ischemia during carotid clamping in the patient
groups without ICA occlusion (groups A and C).

Different from our initial hypothesis, no patients

FIG 2. A 62-year-old man with a history of sudden loss of consciousness immediately after vascular clamping during CEA.
A, Contrast-enhanced MR angiogram shows focal severe stenosis of the left proximal ICA and occlusion of the contralateral ICA.
B, Three-dimensional TOF MR angiogram demonstrates incomplete anterior and posterior patterns of the circle of Willis with absence

of the right A1 segment of the anterior cerebral artery and the left posterior communicating artery.

TABLE 4: Distribution of circle of Willis patterns in patients with
contralateral occlusion (group B)

Anterior

Posterior

Incomplete Indeterminate Complete

Ischemia (n � 12)
Incomplete 8 0 0
Complete 4 0 0

No ischemia (n � 9)
Indeterminate 0 1 3
Complete 4 0 1
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had a history of intraoperative ischemia in group C
(bilateral severe stenosis). It is not easy to explain the
result because the bilateral severe stenosis group
might be more complicated and associated with many
factors. Though the number of patients was very small
(n � 10), one of the factors that could partly explain
it is chronic hypoperfusion state. Chronic hypoperfu-
sion could slowly induce inevitable development of
secondary collateral pathways, which were not in-
cluded in our evaluation. Already established second-
ary collateral vessels might compensate for a sudden
decrease of blood supply to the brain during vascular
clamping.

Recently, in patients with carotid stenosis, preop-
erative evaluation of intra- and extracranial cerebro-
vascular structures depend more and more on nonin-
vasive vascular imaging modalities such as MR or CT
angiography because of improved spatial resolution
of those techniques (17, 18). In this study, we used 3D
TOF MR angiography for the evaluation of major
intracranial vessels around the circle of Willis and 3D
contrast-enhanced MR angiography for the evalua-
tion of extracranial carotid and vertebral arteries.
Three-dimensional TOF MR angiography is an excel-
lent technique for detecting stenosis of major intra-
cranial vessels, which is one of the perioperative risk
factors; however, as mentioned in the above para-
graph, it has some limitations for the evaluation of
important collateral channels of the circle of Willis.
For example, we assumed that the anterior commu-

nicating artery existed only if both proximal A1 seg-
ments were approximated. But just an approximation
cannot guarantee the presence of the anterior com-
municating artery, and this is one of the limitations of
our study. Concerning depiction of the anterior or
posterior communicating arteries, CT angiography of
the circle of Willis may be better than 3D TOF MR
angiography (19). Also, high-resolution contrast-en-
hanced MR angiography is a promising technique
because it can cover from the aortic arch to intracra-
nial vessels above the circle of Willis level with suffi-
cient high spatial resolution comparable to that of 3D
TOF MR angiography (20). Further studies may be
necessary to verify the possibility that high-resolution
contrast-enhanced MR angiography can be used as a
one-stop study in patients with carotid stenosis, pro-
viding all kinds of information not only about the
extracranial cerebrovascular structures, but also
about the status of intracranial vessels and the circle
of Willis.

Conclusion
Assessment of the circle of Willis with 3D TOF MR

angiography is useful for predicting the risk of intra-
operative ischemia in a group of patients with con-
tralateral ICA occlusion. In this group, the incom-
pleteness of the circle of Willis is associated with high
risk of cerebral ischemia during vascular clamping
and necessitates an intraluminal shunt procedure. Ca-

FIG 3. A 65-year-old man without any neurologic symptoms during CEA.
A, Contrast-enhanced MR angiogram shows short segmental severe stenosis of the left proximal ICA. The contralateral ICA is

occluded at the level of the carotid bifurcation.
B, Three-dimensional TOF MR angiogram shows intact both A1 segments, anterior communicating artery, and ipsilateral posterior

communicating artery. The circle of Willis is complete in both anterior and posterior parts.

AJNR: 25, April 2004 CIRCLE OF WILLIS 563



rotid angioplasty and stent placement can be an al-
ternative treatment option in this patient group.
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