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Abstract: Objective: To evaluate the magnetic resonance angiography (MRA) features of the circle of Willis in transient ischemic attack (TIA) patients. Methods: The MRA features of 40 TIA patients (TIA), 34 normal controls (CON),
and 36 patients with large cerebral infarction (LCI) were compared. Results: The proportion of A1 dysplasia or absence in the patients with TIA in the internal carotid arterial system (TIA-ICA) was significantly higher than that in the
patients with TIA in the vertebrobasilar arterial system (TIA-VBA) (P<0.05). The comparison between Group TIA and
CON showed significant difference in the detection rate of embryonic posterior cerebral artery (PCA) (P=0.008). The
display rate of posterior communicating artery (PCOA) in patients with TIA-VBA was lower than that in Group CON
(P=0.002). When the carotid arterial stenosis was severe, the directions of blood flow in the anterior and posterior
communicating arteries (ACOA and PCOA) of TIA patients tended to incline toward the lesion side. Conclusions: A1
dysplasia or absence may be the predisposing factors of TIA-ICA; PCOA dysplasia or absence may be the predisposing factors of TIA-VBA; embryonic PCOA has protective effect toward the blood supply of posterior circulation.
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Introduction
The circle of Willis is located at the bottom of
the brain, between internal carotid arterial system (ICA) and vertebrobasilar arterial system
(VBA), and between the bilateral intracranial
ICA. As the main pathway of forming the collateral circulation, when the ICA or VBA occurs
occlusive diseases, the circle of Willis will
become very important as the collateral circulation so as to provide compensatory blood
supply [1-3]. The existence of a complete collateral circulation can reduce the incidence of
transient ischemic attack (TIA) and stroke [4].
Magnetic resonance angiography (MRA) is a
valuable non-invasive technique for evaluating
the circle of Willis. With the development of MR
techniques, more and more scholars have used
new magnetic resonance imaging (MRI) techniques to study the morphology of the circle of
Willis and its relationship with ischemic diseases [5-8]. However, in recent years, studies in
China and abroad focusing on the morphology

of the circle of Willis in normal controls and
using MRI-combined techniques to study TIA
are rare [5-7, 9, 10]. Comprehensively diagnosing and assessing the cerebral ischemic lesions
in the TIA stage is very important for the prognosis of such patients [11, 12]. We applied a
variety of MRA techniques for evaluating the
morphology and hemodynamics of circle of
Willis in TIA patients, aiming to investigate the
pathogenesis of TIA from the angles of morphology and hemodynamics and to preliminarily
analyze its hemodynamic features.
Materials and methods
General information
A total of 40 TIA patients with good head-andneck MRA image quality and complete examination sequences (examined in our hospital
from January 2012 to March 2015) were enrolled into this study and compared with the
data of 34 normal healthy controls and 36 LCI
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patients. Group CON included 18 males and 16
females with an average age as 55.24 ± 13.84
years. Group TIA included 30 males and 10
females with an average age as 60.53 ± 10.39
years. All the patients exhibited transient neurological symptoms on admission, and the majority of the patients suffered from multiple seizures with the shortest seizure duration as 1
minute while the longest as up to 9 h (averagely
0.932 ± 0.665 h). Seventeen patients had previous history of hypertension, 12 patients had
previous history of hyperlipidemia, 4 patients
had previous history of diabetes, and 10 patients had previous history of cervical spondylosis. This study included 32 TIA-VBA cases, 8
TIA-ICA cases. Group LCI included 21 males
and 15 females with an average age as 56.58
± 8.21 years, including 12 cases with previous
history of hypertension, 6 cases with previous
history of hyperlipidemia, and 2 cases with previous history of diabetes. There was no significant difference in the average age among the
above groups (F=2.365, P=0.099), as well as in
the gender composition (X2=4.267, P=0.118).
This study was conducted in accordance with
the declaration of Helsinki. This study was
conducted with the approval from the Ethics
Committee of Qingdao University. Written informed consent was obtained from all participants.
MRA scanning
All the scans were performed on an 1.5T Superconduction MR system (Twin-Speed Infinity
with Excite I, GE, USA).
Intracalvarial artery imaging
3D TOF sequence, time of repeat/time of echo
(TR/TE): 32/3.3 ms, field of view (FOV): 18 cm
× 18 cm, flip angle: 20°, layer thickness: 1.5
mm, matrix: 288 × 128, bandwidth: 15.6 kHz,
acquisition time: ~5 min.
Blood flow direction detection
3D PC (GRE) sequence, TR/TE: 25 ms/6 ms,
flip angle: 25°, layer thickness: 1.0 mm, matrix:
256 × 128, layer mass thickness: 30 mm,
FOV: 22 cm, acquisition time: ~2 min and 40 s.
One single direction flow coding gradient was
applied onto the front, rear, left and right direction, respectively, so as to detect the blood flow
direction in ACOA and PCOA; the flow coding
speed was 40 cm/s.
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Cervical artery imaging
3D CE-MRA, TR/TE: 6 ms/min, flip angle: 45°,
matrix: 256 × 256, layer thickness: 1.8 mm,
layer mass thickness: 65 mm, FOV: 24~28 cm,
acquisition time: up to 55 s. Using agent of
Gd-DTPA (Bayer, Germany, 15 ml: 7.4 g).
Image analysis
The 3D TOF images were used to evaluate the
morphology of circle of Willis by the tracer method. Blood-vessel linkage between bilateral
ACA can be defined as the existence of ACOA,
as well as bilateral fusion can also be used for
this definition; if the starting and end points of
PCOA can be confirmed or continued and
formed PCA, it can be considered as its existence. The condition of embryonic PCA was
defined as the diameter of PCOA greater than
the ipsilateral P1 segment and continued to
for PCA. The condition in which the diameter of
the communicating artery <0.8 mm was considered as dysplasia [2].
From the aspect of human body development,
the circle of Willis is divided into the anterior
and posterior circles. The anterior circle includes the bilateral ICA, ACOA, and A1 segment
of bilateral ACA; the posterior circle includes
the bilateral PCOA, as well as the P1 segment
and BA of bilateral PCA. If certain related vessels exhibited dysplasia (less than 8 mm) or
absence, they were considered as incomplete.
The vascular integrity of the circle of Willis
was observed and recorded by two experienced diagnostic radiographers according to the
above-mentioned uniform standards; meanwhile, the diameter of partial PCOA was measured, and the blood flow directions in the ACOA
and PCOA were observed, and the accordant
results should be obtained through negotiation
if the diagnostic results were inconsistent.
Statistical analysis
SPSS11.0 software was used for the statistical
processing, with the significance level α=0.05.
Results
Distribution features of stenotic lesions
In order to discuss the importance of the compensation by the circle of Willis, the craniocerebral artery stenosis was divided into two parts:
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Table 1. Distribution of craniocerebral stenotic
lesions (with the circle of Willis as the boundary)
Branches anterior Branches posterior
Sum
to the circle of
to the circle of
(n)
Willis (n)
Willis (n)
CON
12
4
16
TIA
54
21
75
LCI
29
41
70
Sum (n)
95
66
161
Group

Note: There was no significant difference between Group CON
and TIA (χ2=0.060, P=0.807), but there was significant difference between Group LCI and CON/TIA (χ2=5.884, P=0.015;
χ2=13.826, P<0.001).

Figure 1. A normal people with bilateral embryonic
PCOA. The bilateral PCOA thickened, but the bilateral
A1 segment become slimmer; the blood supply area
in bilateral PCA comes mostly from ICA while few form
BA, thus forming a dual blood supply mechanism.

anterior and posterior stenosis of the circle of
Willis (Table 1). There was no significant difference between Group CON and TIA (χ2=0.060,
P=0.807), but there was significant difference
between Group LCI and CON/TIA (χ2=5.884,
P=0.015 and χ2=13.826, P<0.001, respectively).
Morphology of circle of Willis
A1 dysplasia was more common in Group TIA (8
cases, 20%) and Group LCI (8 cases, 22.2%),
but there was no significant difference when
compared with Group CON (4 cases, 11.76%)
(χ2=1.425, P=0.490). Among the 8 cases in
Group TIA-ICA, 5 cases were A1 dysplasia or
absence; among the 32 cases in Group TIAVBA, only 6 cases were A1 dysplasia or absence
(both unilateral), and there was a significant dif5840

ference between the two groups (χ2=4.146,
P=0.042). There were significant differences in
embryonic PCA combined with P1 dysplasia
among the three groups (χ2=6.853, P=0.033).
After c2 subdivision, there were significant differences between Group CON (12 cases,
35.29%, including 2 cases of bilateral embryonic PCA) and Group TIA (4 cases, 10.00%,
Figure 1, χ2=6.938, P=0.008), while there was
no significant difference between Group LCI
and the other two groups (P>0.05). Among the
32 patients in Group TIA-VBA, only one case
(3.13%) occurred embryonic PCA combined
with P1 dysplasia, showing a significant difference when compared with Group CON (χ2=
10.785, P=0.001). Among the 8 patients in
Group TIA-ICA, 3 cases (37.50%) were embryonic PCA, while there were no significant difference than Group CON (χ2=0.014, P=0.907).
There was no significant difference in A1, P1,
PCOA, or ACOA absence among the three
groups (Table 2).
The display rate of PCOA in Group TIA-VBA
(18/64, 28.125%) was significantly lower than
that of Group CON (37/68, 54.41%) (χ2=9.373,
P=0.002) (Figure 2). The average diameter of
the 18 PCOA in Group TIA-VBA was 2.013 ±
0.629 mm, which was slightly thicker than the
latter (1.836 ± 0.538 mm), but there was no
significant difference between the two groups
(u=1.555, P=0.128). The display rate of PCOA
in Group TIA-ICA was 68.75% (11/16), which
was significantly different from Group TIA-VBA
(χ2=9.141, P=0.002). There was no significant
difference in the display rate of PCOA between
the 12 TIA patients with severe arterial stenosis or occlusion and the rest 28 TIA patients
(χ2=2.805, P=0.094).
There was no significant difference in the type
of the circle of Willis among the three groups
(χ2=1.836, P=0.934), in which type II and IV
were common in the three groups (Table 3).
There was no significant difference in the integrity of anterior and posterior circle among the
three groups (χ2=1.030, P=0.597; χ2=0.229,
P=0.892).
Blood flow directions in ACOA and PCOA in the
circle of Willis
There was no significant difference in the
blood flow directions in ACOA and PCOA among the three groups (χ2=3.305, P=0.192 and
χ2=5.363, P=0.068, respectively). Among the
11 PCOA with clear display in the 8 patients
Int J Clin Exp Med 2018;11(6):5838-5845
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cases of ACOA were left to right (1 case with
A1
A1
P1
P1
Embryonic
PCOA
ACOA
Group
severe right ICA stenodysplasia absence dysplasia absence
PCA
absence absence
sis and 2 cases with
CON
4
2
12 (14)
0
12 (14)
19 (31)
5
bilateral moderate steTIA
8
3
4
2
4
29 (51)
6
nosis), from right to left
LCI
8
4
8
4
9
24 (39)
4
in five cases (1 case
Note: (1) A1 was the first segment of ACA, starting from the beginning to the ACOA part; P1
with left ICA occlusion,
was the first segment of PCA, starting from the beginning to the intersection with the PCOA;
2 cases with moderate
(2) the values in the table without parentheses were cases, and the numbers in parentheses were the number of lesion sides. There were significant differences in embryonic PCA
left ICA stenosis, and 2
combined with P1 dysplasia among the three groups (χ2=6.853, P=0.033).
cases without obvious
stenosis); among the
32 patients with TIA-VBA, the blood flow directions were retrogressive in 15 PCOA cases and
prorsal in three cases. Among all the TIA
patients, 5 patients exhibited severe anterior
carotid artery stenosis (3 cases) and/or occlusion (1 case with unilateral ICA occlusion, 1
case with bilateral occlusion) (Figure 3). The
blood flow direction in ACOA was clear (Figure
4), including flowing toward the lesion side in 4
cases (Figure 4), flowing toward the A1 absence
side in one case, and appearing reverse blood
flow in the A1 segment in one case. The diameters showed no significant thickening (Table
4).
Table 2. Morphology of circle of Willis in Group TIA and CON

Discussion

Figure 2. (A and B) Two patients with TIA-VBA (A and
B). The absence of both sides PCOA was common in
such patients.

Table 3. Comparison of circle of Willis between Group TIA and CON
Group
CON (n=34)
TIA (n=40)
LCI (n=36)
Sun (n)

I
5
4
4
13

Type
II
III
18
4
19
4
20
3
57
11

IV
7
13
9
29

Sum (n)
34
40
36
110

Note: There was no significant difference in the type of
the circle of Willis among the three groups (χ2=1.836,
P=0.934), in which type II and IV were common in the
three groups.

with TIA-ICA, the blood flow directions were
retrogressive in 9 branches and prorsal in 2
branches. The blood flow directions in three
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Morphological remodeling of circle of Willis in
TIA patients caused by stenotic lesions: The
morphological changes occurring in the circle
of Willis due to different pressure gradients in
the both arterial ends are called the remodeling
of circle of Willis [13]. When arterial stenosis
or occlusion occurs, the blood pressure in the
distal arterial end decreases, and if there is
no effective blood flow compensation from
collateral branches at this time, it is prone to
cerebral infarction. Therefore, stroke in TIA
and cerebral hemisphere can be significantly
reduced when collateral circulation exists. In
patients with severe ICA occlusive diseases,
the presence of collateral vessels in the circle
of Willis can not only maintain the perfusion
pressure required for the brain tissues but also
attenuate damages caused by emboli [14, 15].
This study revealed that TIA patients and normal controls mainly occur lesions in the anterior circle of Willis, but LCI patients mainly occur
lesions in the posterior circle of Willis. Although
the display rate of PCOA in Group TIA was low
(29/80, 36.25%), the display rate of PCOA in 12
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plasia accounted for 27.5%
(11/40), including 62.5% cases with TIA-ICA (5/8) and
18.75% cases of TIA-VBA (6/
32, exhibiting significance between the two groups, P=
0.002), suggesting that TIAICA is related to A1 absence
or dysplasia, and the presence of this variation increases the risk of disease in TIAICA. However, TIA-VBA is not
related to A1 absence or dysplasia.
Morphology and variation of
posterior circle: the bilateral
PCOA is responsible for the
compensatory functions of
the anterior- and posterior circles, while the P1 segment in
the bilateral PCA is related to
balancing the blood flow pressures in the bilateral PCA, so
the morphological variations
of these two are the main reaFigure 3. Male, 47 years old. Main complaint: paroxysmal left lower limb
son causing variations in the
numbness for more than 10 days, system increase when doing activities
posterior circle. As the vertetogether with headache; the systems can alleviate within 1 h. A. CE-MRA
bral artery is affected by the
reveals left ICA occlusion (arrow), thinner CCA, contralateral CCA thickening,
direction or development, its
and bilateral VA thickening; B, C. TOF MRA reveals the left MCA supplies
blood through the thickened PCOA (arrow), but the A1 segment absences in
blood supply capacity may eathe left ACA, so the distal A2 segment obtains the blood supply from the opsily disease due to external
posite side of ACOA; D, E. 3D PC reveals the blood flow direction in left PCOA
factors and internal diseases,
is prorsal (arrow).
thus resulting in blood supply
insufficiency in the vertebropatients with severe anterior carotid artery stebasilar artery. At this time, complete posterior
nosis or occlusion was slightly higher than that
cycle will be necessarily required so as to play
in the patients with mild and moderate stenothe collateral compensation function. In this
sis, suggesting that the remodeling of circle of
study, the display rate of PCIA in the TIA patients
Willis already exists, and collateral circulation
was low, especially only 28.125% in the 32
mainly in the circle of Willis effectively prevents
patients with TIA-VBA, significantly lower than
the occurrence of stroke in some patients.
the normal controls, suggesting that the incomRappeport et al. [16] reported that with the
plete posterior circle may be one of the imporage increasing in TIA patients, arterial stenosis
tant predisposing factors toward TIA-ICA. The
increases, which is similar to the results of
display rate of PCIA in the TIA-ICA patients was
this study. Although the number and extent of
higher (68.75%), which may be related to the
stenotic lesions increase, some patients still
compensation.
remain in the TIA state, indicating that with
The study also reveals that 35.29% (12/34)
the increase of the degree of arterial lesions,
of the normal controls exist embryonic PCA,
the remodeling of collateral circulation is also
including 2 cases of bilateral embryonic PCA.
enhanced.
At the same time, only 1 patient (3.125%) in
In this study, the display rate of ACOA in TIA
Group TIA-VBA is embryonic PCA. Embryonic
patients was 85.0%, namely that the ACOA in
PCA is often associated with ipsilateral P1 dysthese patients had the collateral circulation
plasia or absence, at which time the blood
function; the patients with A1 absence or dyssupply area toward the ipsilateral P1 segment
5842
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Figure 4. Female, 55 years old. Main complaint: intermittent left limb numbness for 20
days, time interval: 5 h. A. CE-MRA reveals localized stenosis in the bulbar zone of right
internal carotid artery and ICA starting segment (arrow); B. Intracranial 3D TOF reveals
slimmer right A1 segment, left A1 and ACOA thickening (short arrow), rightward compensatory blood supply; right ICA petrous bone exhibits localized stenosis (long arrow); C, D.
3D PC reveals rightward blood flow in the left A1 and ACOA, while leftward in the right A1
segment (arrow).

Table 4. Blood flow directions in ACOA and PCOA in 40 TIA patients
Group
CON
TIA
LCI
Sum

ACOA
Left PCOA
Right PCOA
Left→right Right→left Front→back Back→front Front→back Back→front
10
6
15
1
18
0
12
8
10
3
12
2
4
7
12
1
8
3
26
21
37
5
38
5

Note: There was no significant difference in the blood flow directions in ACOA and PCOA among
the three groups (χ2=3.305, P=0.192; χ2=5.363, P=0.068). But the blood flow direction of ACOA
tends to the lesion side.

is mainly by the internal carotid artery system;
if the internal carotid artery system occurs arteriosclerotic lesions, the ischemic symptoms of
posterior circle also appear [17]. However, we
believe that this situation is not easy to occur.
First, the blood supply amount by the internal
carotid artery system is large (accounting for
85% of the brain requirement), so the protection mechanisms are relatively sound, only
severe or worse stenosis can affect the perfusion pressure of brain tissues, so the chances
5843

of ischemia compared with the VBA
system are rare;
second, the majority of embryonic
PCA is associated
with ipsilateral P1
dysplasia, but absence is rare, so
in fact, this PCA
blood supply area
can form dual blood supply through the poor developed P1 segment and embryonic PCA, while the
contralateral PCA
actually can receive the most blood
supply from the
bilateral VA. In this
way, the blood supply of the entire posterior cycle
has been strengthened. Therefore,
when the carotid
artery has severe
stenosis or occlusive diseases, embryonic PCA has
important protective effect toward
the posterior circle,
and can reduce the
vertebrobasilar arterial blood supply insufficiency. The
increase in embryonic PCA in normal
controls also supports this view.

Blood flow direction of the circle of Willis: When
lesions in lateral internal carotid artery cause
TIA, the ACOA and PCOA can both form collateral circulation, but the compensatory effect of
ACOA toward the vertebrobasilar system is not
big. In this study, the ACOA flow in 8 patients
with TIA-ICA did not show regularity, which may
be due to the too small patient number and the
lesions mainly distributing in the circle of Willis.
The display rate of PCOA was significantly increased in the TIA-IVA patients, but the blood
Int J Clin Exp Med 2018;11(6):5838-5845
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flow direction in most cases was retrogressive,
and only two branches exhibited the blood flow
direction as prorsal; the diameter also showed
no significant thickening. Therefore, the clinical
significance of the high display rate of PCOA in
patients with TIA-ICA needs further studies. The
display rate of PCOA in the 32 TIA-VBA patients
was very low, and the detected PCOA diameter
was similar to the normal controls, suggesting
that some such patients have limited compensatory capacity of PCOA branches, when the
vertebrobasilar system is damaged to a certain
degree, they can’t obtain the reserve collateral
blood flow like that previously restored in normal people, so blood supply insufficiency is
prone to occurrence and causes TIA.
In this study, the collateral blood flow in the 5
TIA patients with severe stenosis and occlusion
in unilateral anterior cervical artery system is
more representative. The ACOA blood flow tended toward the lesioned side, and the healthy A1
segment and ACOA were thickened, suggesting
the importance of ACOA in the anterior compensation. The reverse flow in the A1 segment
and the retrogressive flow in PCOA were more
common in the patients with ICA occlusion,
consistent with Hartkamp, indicating that there
would greater chances of prorsal blood flow in
PCOA of the patients with anterior ICA occlusion [13], but as for those with stenosis, when
the degree of stenosis has not changed the
superior blood supply in the internal carotid
artery system (the pressure is higher than the
posterior circle), there will be no enough pressure gradient to force the PCOA blood flow to
change prorsally.
Conclusions
The remodeling of circle of Willis in TIA patients
progresses with the severity of stenosis in a
non-linear relationship, which only becomes
significant in severe stenosis or occlusion and
may also be affected by factors such as individual differences. A1 dysplasia or absence is
associated with TIA-ICA while not with TIA-VBA;
PCOA dysplasia or absence may be a predisposing factor of TIA-VBA, and embryonic PCA
has protective effect of maintaining the blood
supply toward the posterior circle. The flow of
ACOA in patients with TIA-ICA is variable due to
the impact of pressure gradient, distribution of
stenotic lesions, or anterior circle variations,
and the compensatory ability of PCOA toward
TIA-ICA is limited. The compensatory ability of
5844

PCOA is insufficient, and the function of PCOA
collateral branches in TIA-VBA is insufficient,
suggesting that the incidence of TIA is related
to this phenomenon. When the blood supply
area in lateral carotid artery system is ischemic, the blood flow direction of ACOA tends to
the lesion side, and the reverse blood flow in
the A1 segment only appears in patients with
ICA occlusion.
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