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SUMMARY 

The Circle of Willis (CoW) is the most important collateral pathway communi-
cating between the bilateral carotid system and the posterior circulation. Many 
techniques have been used to investigate the configuration and function of the 
CoW and their advantages and disadvantages are reviewed here. In previous 
studies, morphometric variation in CoW has been widely detected; however, the 
frequency of variation ranges largely, between 10% and 85%. Some differences in 
reported frequency may reflect differences in: the definition of CoW variation, 
the methods used to examine variation and study populations. Two conclusions, 
however, are clear: (i) the prevalence of variation in the posterior circle is higher 
than in that of the anterior circle; and (ii) variations in the CoW are correlated 
with cerebral or carotid vessel diseases. Although the cause of the variants re-
mains unclear, both genetic background and hemodynamics could play important 
roles. Lastly, the correlation between the CoW and ischemic brain diseases is dis-
cussed. In future, artificial intelligence will be helpful for evaluating the CoW.■ 
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DEFINITION AND IMPORTANCE OF THE CIR-
CLE OF WILLIS 
 

HE Circle of Willis (CoW) was first defined by 

Thomas Willis in 1664 and has since been widely 

investigated.  

Most of artery distribution in the brain originates 

from CoW, which is the most important collateral 

pathway. The knowledge for CoW is the basis for the 

research of cerebral hemodynamic and is significant 

helpful for the prevention and treatment of stroke and 

cerebral vessel-related diseases. However, there are still 

some questions. There are more than 20 types of varia-

tion in the CoW and the reported frequency of variation 

in CoW are significant different among previous litera-

ture, from 10% to 85%. Why the variation is so com-

mon and what the reason is? The relationship study be-

tween CoW and cerebral disease is rare. In the review, 

we focus on the variation in the CoW and demonstrate 

the latest research results. We hope to clarify the signif-

icance of variation in CoW and its role in ischemic cer-

ebral disease. 

During embryonic development, the complete 

form of the CoW appears on day 52. The CoW is located 

at the base of the brain, projecting from the terminus of 

the bilateral internal carotid arteries and the basilar ar-

tery (1). The typical configuration of the CoW is a ring 

formed by several vascular segments, including bilateral 

precommunicating part of bilateral anterior cerebral 

artery (A1), bilateral precommunicating part of bilateral 

posterior cerebral artery (P1), slender bilateral posterior 

communicating arteries (Pco) and an anterior com-

municating artery (Aco). The bilateral A1s and Aco 

form the anterior part of the CoW and the bilateral P1s 

and Pco form the posterior part of CoW. However, a 

high rate of variation in the CoW is found across popu-

lations (2), with either absence or hypoplasticity of seg-

ments observed. Functionally, along with the ophthal-

mic artery and leptomeningeal vessels, the CoW sup-

ports the redistribution of blood supply in brain; the 

CoW is thought to play the most important role. In the 

case of a decreased blood supply from afferent arteries, 

an intact CoW can direct blood flow from other parts of 

the brain into the affected area, thereby ameliorating 

potentially devastating effects (3). Although the high 

rate of variation in CoW morphology is well-known, 

the cause of the variation remains unclear. Both genetic 

factors and acquired hemodynamic modification are 

thought to play a role in the variation. In addition, vari-

ations in the CoW are thought to be correlated with 

ischemic stroke risk, aneurysm, leukoaraiosis volume 

and perioperative neurologic complications of carotid 

endarterectomy (4-7). 

 
  

INVESTIGATIVE METHODS 
 

Dissection was the initial avenue for CoW research, as it 

allows the structure of the CoW to be directly observed 

after embalming. Dissection is highly accurate and sen-

sitive in detecting morphological variation in the CoW, 

as even vessels as fine as 0.1 mm can be clearly observed 

(8). However, dissection does have several limitations. 

For example, embalming may vary the structure of the 

CoW, causing a difference between real-life and post-

mortem measurements. It is also impossible to investi-

gate collateral blood flow in the CoW in vivo. Moreover, 

dissection is not suitable for using in research regarding 

the association of the CoW with cerebral diseases, be-

cause it is hard to differentiate healthy individuals from 

patients with cerebral diseases. This fact accounts for 

disagreements in the literature on the prevalence of 

CoW variants. Recently, advanced mini- and non-

invasive imaging techniques have facilitated in vivo ob-

servations of the CoW, enabling CoW research in both 

larger and more specific populations. Although the use 

of autopsy is gradually being replaced by imaging tech-

niques, autopsy is still advocated given its ability to dis-

cern micro vessels and sophisticated CoW variants. 

Advanced imaging techniques include convention-

al digital subtraction angiography (DSA), ultrasonogra-

phy, magnetic resonance angiography (MRA), and com-

puted tomography angiography (CTA). These methods 

can reveal one or more features of CoW in vivo, e.g., 

structural details, artery hemodynamics, downstream 

territorial perfusion and tissue metabolism. However, 

each technique has its own limitations. Due to its excep-

tional spatial and temporal resolution, conventional an-

giography is considered the gold standard for evaluation 

of the CoW; but it is also invasive and thus, while pre-

ferred for use intraoperatively, it is less appropriate for 

preoperative use. Ultrasonography is popular for the 

preoperative evaluation of stenosis carotid artery diseas-

es, providing both anatomical and hemodynamic infor-

mation. When combined with common carotid artery 
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Figure 1. Schematic Drawing Labeled with the Prevalence of Absence and Hypoplasia of Each 
Segments of CoW from Dissection Literatures. (Modified from Varga A (12)). 

 

 

 

 

compression, ultrasonography can effectively assess the 

collateral function of the CoW, but some segments, such 

as PCo are not visible (9). MR is the most common 

method used in current studies of the CoW, as it is both 

radiation-free and has high-resolution detection. More-

over i MR can provide novel insight regarding: the 

plaque characteristics of vessels, cerebral perfusion and 

tissue viability. Nevertheless, the 3-dimension time of 

flight MRA, the most popular MRA used in clinic, is 

affected by blood flow velocity of the vessel, so it is un-

suitable for visualizing small vessels in the CoW with 

slow or turbulent flow and has a lower spatial resolution 

than that of DSA or CTA (2). As the least invasive ex-

amination with a maximum spatial resolution of 0.14 

mm, CTA can image the extra- and intracranial arteries 

in a single scan. In some cases, CTA has taken the place 

of DSA in the preoperative evaluation of these arteries, 

since it has high sensitivity and specificity for detecting 

stenosis of intracranial arterial disease, allowing stroke 

to be evaluated (10-12). Nonetheless, the conduction of 

CTA raises concerns regarding ionizing radiation and it 

has been reported that each cerebral CTA incurs an 

~0.0026% increase in lifetime cancer risk (13). Lastly, 

many computer simulation models have been developed 

to calculate functional parameters of CoW, including 

one-, two-, or three-dimensional models, and patient-

specific models (14). 

 
  

VARIATIONS OF THE COW 
 

The ability of the CoW to redirect blood flow is de-

pendent on its integral circular form and the diameters 

of the component segments. In the data collected to date, 

morphometric variation in CoW is widely detected, 

however, the frequency of variants ranges between 10% 

and 85%. This broad range may reflect different defini-

tions of CoW variants, different methods used to meas-

ure variation, and differences in study populations (2). 

Using the development and status of each segment, i.e., 
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Figure 2. Schematic Drawing Labeled with the Prevalence of Absence and Hypoplasia of Each 
Segments of Cow in Patient and Control Group by Imaging Modalities in vivo. (Modified from 
Varga A (12)). 

 

 

 

normal, hypoplastic or absent, CoW can be classified 

into more than 20 types. Nevertheless, knowledge of 

CoW segment development and variation is limited to 

the extent that no single reliable standard for classifica-

tion exists.  

The absence of any segment breaks the integrity of 

the CoW. As noted above, methodology may affect 

measures of variation frequency, as detection capability 

of methods for small vessels differs. For example, in dis-

section, absence is rarely found; the rate of absence in 

Pco is 0%-14% and the absence of Aco is 0%-5% based 

on dissection studies (Figure 1). In comparison, other 

methods indicate rates of absent Pco from 21%-66% and 

absent Aco from 0.5%-40% (12) (Figure 2). 

The definition of “hypoplasia” is arbitrary. Typical-

ly, the threshold distinguishing normal from hypo-

plastic is set at 1 mm (where vessels <1 mm in diameter 

are classified as hypoplastic), as some authors believe 

that 1 mm of diameter is inadequate to supply collateral 

flow, but some use a diameter of 0.3-0.6 mm as the cri-

terion for hypoplasia. Exceptionally, 0.1 mm is used for 

the fetal brain. In ultrasonography studies, functional 

patency of the segments is defined by hemodynamic 

“tuning” during a common carotid artery C compression 

test (9). Studies suggest hypoplasia of Pco is most com-

mon; this variant has a prevalence of 23%-70% in dis-

sections and 6%-41% using other methods (4, 15, 16).  

Fetal-type posterior cerebral artery (FTP) indicates 

those cases in which the diameter of the Pco is greater 

than or equal to the diameter of the ipsilateral P1. This 

variant also has a high prevalence; previous research 

estimates percentages ranging from 10%-40%.  

Populational factors and differences in studied co-

hort also contribute to unexplained differences in the 

prevalence of CoW variants. First, patient cohorts often 

demonstrate higher percentages of variants than healthy 
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controls (11, 12). Second, the age of the study cohort 

may affect variant frequency. The majority of research-

ers suggest variations or anomalies demonstrated in the 

fetal period continue into postnatal life and age-related 

segment changes only arise if lesions occur; however, 

Van Overbeeke reported variations of P1 and Pco were 

significantly different between newborns and adults (1, 

6, 17). Third, although some studies have attempted to 

evaluate the distribution of CoW variations in different 

populations, racial differences in the CoW are unclear. 

De Silva reported ethnic differences in CoW variation 

among Caucasian, African and Asian populations (16). 

Moreover, compared to Westerners or Japanese, a high-

er prevalence of an incomplete posterior portion of the 

CoW is found in the Chinese population (18). Yet, in 

other reports, racial differences were not found (4, 5). In 

the majority of studies to date, no significant gender dif-

ferences in the prevalence of anatomic variations have 

been observed (2, 18-21) . 

In general, variation of the CoW is accepted as oc-

curring frequently, with the following factors rarely 

considered controversial: (i) the the prevalence of varia-

tion in the posterior circle is higher than in that of the 

anterior circle; (ii) variations in the CoW are correlated 

with cerebral or carotid vessel diseases. 

 
  

REASONS FOR VARIATION 
 

Many hypotheses have been suggested for why varia-

tions occur in the CoW; among these, two factors are 

thought to play important roles: genetic background and 

hemodynamics. The latter is related to the development 

or degeneration of embryo arteries, the functional sig-

nificance of vascular segments, neck movement, and 

pathological lesions; thus, hemodynamics is a complex 

factor. The delicate hemodynamic ‘tuning’ of all com-

ponent segments in the CoW act as the foundation for 

dynamic CoW variation. In early studies, Fields et al. 

suggested variations of the CoW are likely genetically 

determined, developed prenatally and persist in postna-

tal life (22). Milenkovid et al. found that fetal brains as 

early as 4 months had demonstrable differences be-

tween Aco and A1 segments, as well as Pco and P1 seg-

ments, and interpreted these as the embryonic form of 

the variation seen in adults (1). Vasovic et al. also noted 

variations in fetal characteristics and thus attributed 

variation to genetic differences (6). Although these au-

thors emphasized the genic contribution to variants, 

research did not neglect the possibility of postnatal he-

modynamic modifications. In much of the literature, 

postnatal biochemical or physical factors related to cer-

ebral or carotid hemodynamic modification are deemed 

responsible for variations.  

The development or degeneration of embryo arter-

ies is also related to CoW variations. Puchades-Orts et al. 

found that in fetal brains, Pco maintains its maximum 

diameter until the primitive trigeminal artery disappears. 

If the trigeminal artery remains, the Pco becomes re-

duced in diameter, and may even disappear (23). Padget 

et al. suggested that persistence of the embryonic lateral 

branch of the posterior cerebral arteries causes FTP, 

leading to the use of ‘fetal’ in the name (19). 

The correlation between the functional significance 

of segments and CoW variation has also been investigat-

ed. Van Overbeeke concluded that CoW variations were 

the result of increased functional demands for the rapid 

development of the occipital lobes (17). Subsequent 

studies have shown that the ACo may be the functional-

ly most important collateral pathway (24), in keeping 

with the anterior portion of the CoW appearing to have 

a higher rate of integrity than the posterior portion. The 

Aco is helpful in retaining blood flow in the cerebral 

hemispheres and thus its absence or hypoplasia will be 

more costly in the event of cerebrovascular events than 

variation in the Pco. 

In previous reports, Lazorthes et al. suggested that 

variation in CoW segments is rare in newborns up to 

one year because their greater amplitude of neck 

movement results in a more evenly distributed compres-

sion of all segments. In adults, movement of the neck 

and hemodynamic compression in CoW reduces with 

age, and atrophy of the segments may occur due to loss 

of function (6). 

In general, it remains unclear whether genetic or 

acquired factors are responsible for CoW variation. We 

suggest that CoW variations are most likely the results 

of dynamic development of the segments; in Vasovic’s 

words, “a theoretical model in prenatal and postnatal 

developmental phases.” The association of variants and 

pathologic lesions are detailed in the next section. 

 
  

VARIATIONS AND PATHOLOGY LESIONS 
 

Studies of variation in the CoW focus mostly on its rela-

tionship with cerebral and carotid diseases, such as cer-

ebral and carotid artery stenosis, ischemia stroke, aneu-
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rism and white matter lesions. This has been possible 

since the development of in vivo imaging techniques. 

Computer simulations demonstrate that blood flow 

of the middle cerebral artery decreases with ipsilateral 

internal carotid artery (ICA) stenosis; in the absence of 

contralateral A1, when unilateral ICA stenosis occurs, 

the blood supply to the anterior part of the brain and to 

the whole brain hemisphere decreased to the minimum. 

Variations in the CoW can weaken collateral capability, 

and it is thus considered as one of the risk factors of is-

chemia stroke (14). In dissections, a higher prevalence 

of variation in the CoW was reported in stroke patients 

compared to controls. Following these early findings, 

imaging studies have provided new insights for the role 

of CoW variants in diseases. In studies on the complete-

ness of CoW, Brunereau et al. reported that the CoWs 

were entirely complete in only 11% of 109 patients di-

agnosed with diverse neurologic disorders (25). Likewise, 

Waaijer et al. found that a compromised anterior circle 

segment, commonly coexisting with a compromised 

posterior segment, was detected more frequently in pa-

tients with symptomatic carotid artery stenosis than in 

controls (26). Schomer and Miralles showed that the 

absence and hypoplasia (< 1 mm in diameter) of 

ipsilateral Pco and a non-functional Aco is a risk factor 

for ischemic cerebral infarction in patients with ICA 

occlusion (27, 28). Kluytman et al. recommended the 

pattern of collateral blood supply be used to evaluate 

cerebral hemodynamic status in patients with ipsilateral 

ICA occlusion; no collateral flow via CoW or flow via 

only the posterior communicating artery predicts dete-

riorated cerebral perfusion (29). Hoksbergen et al. as-

sessed the collateral function of the CoW in an athero-

sclerotic population without cerebrovascular symptoms 

and found failure of this collateral pathway was caused 

by a hypofunctional anterior circle in 5% of subjects and 

a hypofunctional posterior circle in 45% subjects, in-

cluding 4% in Aco and 38% in Pco (9). Most recently, 

Varga et al. retrospectively analyzed CT and CTA data 

from 544 patients with severe stenosis of the ICA (> 70% 

stenosis) and measured the percentage of hypoplasia, or 

absence, of individual segments; in all, except P1, this 

was higher in patients than in normal controls. Moreo-

ver, ICA stenosis was the only independent predictor of 

CoW configuration and severely compromised CoW 

were strongly correlated with brain ischemia (12). In 

contrast, Hartkamp et al. assessed the CoW configura-

tion in 75 patients with ICA stenosis or occlusions and 

100 normal subjects and found a higher percentage of 

complete CoW in patients (55%) than in controls (36%) 

(30). Arjal proposed that the existence of Pco may “steal” 

blood from the anterior circulation, resulting in ischem-

ic stroke (31). 

Leukoaraiosis is the neuro-radiological term for 

cerebral small-vessel disease. Hemodynamic modifica-

tion is the main cause of leukoaraiosis and a partial re-

duction in leukoaraiosis is observed after artery revascu-

larization operations. Ryan investigated the relationship 

between leukoaraiosis and completeness of CoW and 

found those with an incomplete CoW exhibited 58% 

more white matter disease than those with a complete 

CoW. Similarly, frontal and occipital white matter le-

sions were correlated with an intact arterial and poste-

rior circle, respectively (5). Saba assessed the association 

between CoW variations and the leukoaraiosis in differ-

ent cerebral territories and concluded that the amount 

of leukoaraiosis was greater in subjects with more CoW 

variation that had severe internal carotid artery stenosis 

(7). 

Researchers have also investigated whether the 

variations of CoW can predict intra- or post-operative 

neurologic complications of carotid endarterectomy. 

Banga demonstrated that the absence of both Aco and 

ipsilateral Pco carried a greater than 10-fold higher risk 

of transient ischemic attack and stroke occurring imme-

diately after carotid endarterectomy with cross-

clamping without shunt protection (32). Likewise, 

Montisci found patients with two or more segments ab-

sent in the CoW have the highest risk (prevalence 60%) 

of intolerance to cross-clamping during carotid 

endarterectomy (33). 

In our opinion, an incomplete CoW increases the 

effects of low cerebral blood supply in patients with se-

vere stenosis or occlusion ICA and increases the risk of 

ischemia in white matter disease. The anterior circle is 

recognized as the most important collateral pathway in 

the CoW. Moreover, the configuration of CoW can pre-

dict complications of carotid endarterectomy. 

 
  

FUTURE WORK 
 

Using artificial intelligence (AI) techniques, CTA and 

MRA data can be combined with deep learning algo-

rithms to develop ways to segment the CoW and extract 

afferent and efferent vessels of CoW automatically and 

accurately. With these data, a 3D simulation mesh of 

vessels could be constructed, allowing CoW variants 



 

Wang, et al.: Update of the Circle of Willis Review 
 

SI 2020; Vol. 33, No. 2 www.bonoi.org  165 

and stenosis of vessels to be evaluated automatically. 

Moreover, AI techniques can be used for automatic le-

sion identification. These imaging findings by AI can be 

used as an input feature in machines for predicting 

stroke prognosis. Recently, the predictive performance 

based on CT and MR data demonstrate superior to those 

conventional prognostication tools. In future, along 

with clinical data, the imaging information from AI 

technology is potential to more accurately predict is-

chemia stroke, provide risk stratification for stroke 

treatment and foresee the degree of post-stroke recov-

ery.■ 
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