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T The Circle of Willis (CoW) forms the pivotal arterial network at the brain's base, ensuring collateral circulation between 
the anterior and posterior cerebral territories. Despite its classical description, the CoW exhibits remarkable 
anatomical variability among individuals. These variations influence cerebral hemodynamics and play a decisive role in 
the extent, pattern, and prognosis of ischemic stroke. Understanding these deviations is crucial not only for clinicians 
managing cerebrovascular disorders but also for anatomists interpreting vascular morphometry and embryological 
development.
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INTRODUCTION:
The human brain, though constituting merely two percent of 
total body weight, demands nearly twenty percent of the 
cardiac output, reflecting its dependence on uninterrupted 
blood flow.[1] The Circle of Willis (CoW), an arterial polygon 
located at the base of the brain, serves as the principal 
anastomotic channel between the internal carotid and 
vertebrobasilar systems. This vascular ring safeguards the 
brain against ischemic insults by providing collateral 
pathways in the event of arterial obstruction.[2] Classically, 
the CoW comprises the anterior cerebral arteries connected 
by the anterior communicating artery, the internal carotid 
arteries, the posterior cerebral arteries, and the posterior 
communicating arteries. However, anatomical investigations 
consistently reveal that a “complete” configuration where all 
components are patent and symmetrical is found in less than 
half of the population. Variations include hypoplasia, absence, 
duplication, or asymmetry of arterial segments, each with 
potential implications for cerebral perfusion.[3] These 
structural differences assume profound clinical importance 
in the context of ischemic stroke, one of the leading causes of 
morbidity and mortality worldwide. The compensatory 
capacity of the CoW determines the severity of neurological 
def ici ts  f ol lowing ar ter ial  occlusion. Incomplete 
configurations may predispose individuals to larger infarcts 
and diminished response to reperfusion therapy. Conversely, 
robust collaterals may protect against significant ischemic 
injury, even in the presence of major vessel obstruction.[4] 
Given the increasing availability of advanced imaging 
techniques, such as CT angiography and MR angiography, the 
anatomical and functional evaluation of the CoW has gained 
renewed attention. Yet, despite extensive anatomical studies, 
a comprehensive synthesis correlating these variations with 
stroke patterns remains limited.

This review aims to explore the spectrum of anatomical 
variations of the Circle of Willis and their clinical implications 
in ischemic cerebrovascular disease. By integrating 
anatomical, radiological, and clinical perspectives, it seeks to 
underscore the enduring relevance of vascular anatomy in 
contemporary medicine.

NORMAL ANATOMY OF THE CIRCLE OF WILLIS:
The Circle of Willis represents a vital arterial anastomosis 
situated within the interpeduncular fossa at the brain's base, 
encircling the optic chiasma and infundibulum. It forms a 
polygonal ring linking the carotid and vertebrobasilar 
systems, thereby ensuring redundancy of cerebral blood 
supply.

Classical Configuration:
In its idealized form, the CoW comprises the Anterior 
circulation, formed by the right and left anterior cerebral 
arteries (ACAs) connected via the anterior communicating 
artery (ACoA) and Posterior circulation, where the right and 
left posterior cerebral arteries (PCAs) arise from the basilar 
artery and connect to the internal carotid artery via the 
posterior communicating arteries (PCoAs). The internal 
carotid arteries (ICAs) serve as the main feeders, joining the 
anterior and posterior systems to complete the ring. When 
intact, this configuration equalizes perfusion pressure across 
hemispheres and compensates for unilateral arterial 
obstruction(Figure1). The CoW, thus, plays a central role in 
maintaining hemodynamic stability within the cerebral 
circulation.[5]

Embryological Basis:
Developmentally, the CoW arises from a series of transient 
embryonic channels that remodel to form the mature arterial 
ring. Variations such as hypoplastic PCoA or fetal-type PCA 
often reflect persistence of embryonic patterns where 
posterior circulation remains dependent on the carotid 
system. Recognition of this developmental foundation is 
essential to understanding adult morphologic diversity.[6]

Functional Significance:
The physiological role of the CoW extends beyond simple 
arterial interconnection. It functions as a pressure-equalizing 
shunt, ensuring continued perfusion during transient or 
permanent occlusion of major vessels. The efficiency of this 
collateral mechanism depends on the patency, symmetry, and 
caliber of its component arteries. A well-formed CoW can 
sustain adequate cerebral flow during carotid or vertebral 
compromise, while an incomplete one may fail to 
compensate, precipitating ischemia.[6]

Morphometric Features:
Average diameters of the CoW arteries, as reported in 
radiological studies, typically range between 1-3 mm for 
communicating arteries and 2.5-4 mm for cerebral arteries. 
Symmetry is rare; minor caliber differences exist between 
right and left segments in most individuals. Morphometric 
parameters significantly influence flow dynamics. Arteries 
under 1 mm diameter are often termed hypoplastic and may 
not significantly contribute to collateral circulation.[7]

Radiological Identification:
Modern non-invasive imaging modalities, notably CT 
angiography (CTA) and MR angiography (MRA), have 
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revolutionized the in vivo assessment of the CoW. These 
techniques delineate vessel morphology, detect hypoplastic 
or absent segments, and quantify collateral pathways. CTA 
offers superior spatial resolution, whereas MRA provides 
functional flow evaluation without ionizing radiation. 
Radiological morphometry serves as the cornerstone for 
c o r re l a t i n g  a n a t o m i c a l  va r i a t i o n s  w i t h  c l i n i c a l 
cerebrovascular events.[7]

Figure 1: Normal Anatomy of Circle Of Willis 

Anatomical Variations Of The Circle Of Willis:
Anatomical variations of the Circle of Willis (CoW) are among 
the most extensively documented yet variably interpreted 
phenomena in neurovascular anatomy. Though classically 
represented as a complete arterial polygon, true anatomical 
perfection is rare. Numerous studies both cadaveric and 
angiographic reveal that less than 40–50% of individuals 
possess a fully complete CoW. The remainder exhibit one or 
more structural deviations, ranging from subtle asymmetries 
to complete absence of communicating segments. These 
variations profoundly influence cerebral hemodynamics and, 
consequently, the brain's ability to maintain adequate 
collateral flow during ischemic episodes.[3]

Classification Of Variations:
Variations of the CoW are typically classified into:
Ÿ Segmental absence or hypoplasia: Complete absence 

or significantly reduced caliber (<1 mm) of an arterial 
segment.

Ÿ Duplication or fenestration: Presence of dual arterial 
channels or partial splitting within a segment.

Ÿ Asymmetry: Unequal diameters between right and left 
arteries, altering flow distribution.

Ÿ Fetal-type configurations: Persistence of embryonic 
patterns where posterior circulation remains primarily 
supplied by the internal carotid system.

Ÿ Accessory or anomalous vessels: Rare additions such 
as a median artery of the corpus callosum or persistent 
trigeminal artery.

These Patterns Can Occur In Isolation Or Combination, 
Yielding A Wide Morphological Spectrum.[3,8]

Variations In The Anterior Circulation:
The anterior segment of the CoW comprises the anterior 
cerebral arteries (ACAs) and the anterior communicating 
artery (ACoA). The Anterior Communicating Artery (ACoA) 
is the most frequent site of variation. Reported anomalies 
include duplication (in up to 15% of cases), absence (10-
12%), and fenestration (5-7%). Absence or hypoplasia of the 
ACoA compromises interhemispheric compensation, 
leading to greater vulnerability during unilateral internal 
carotid occlusion. Conversely, a well-developed ACoA is 
often associated with better cross-flow and reduced infarct 
size. In addition anomalies involving Anterior Cerebral 
Artery (ACA), particularly A1segment influences the 
efficiency of anterior collateral circulation. Asymmetry of the 
A1 segment of the ACA is another common variation, 
observed in up to 30% of individuals. Hypoplasia or aplasia of 
one A1 segment shifts perfusion burden to the contralateral 
artery via the ACoA. Clinically, such asymmetry may 
predispose to hemodynamic insufficiency in the dependent 
hemisphere, particularly during carotid stenosis or embolic 
events.[9]

Variations In The Posterior Circulation:
The posterior segment involves the posterior cerebral 
arteries (PCAs) and the posterior communicating arteries 
(PCoAs), both of which display frequent deviations. The 
Posterior Communicating Artery (PCoA) is among the most 
variable arteries of the CoW. Hypoplasia is observed in 
approximately 25-35%, and complete absence in up to 20% of 
cases. The presence of a robust PCoA facilitates effective 
carotid-vertebrobasilar collateralization; its absence 
severely limits compensation during basilar or vertebral 
occlusion. The Fetal-type Posterior Cerebral Artery (fPCA), 
where the PCA arises predominantly from the internal carotid 
rather than the basilar artery, is one of the most clinically 
significant variants. Found in 10–30% of populations 
(unilateral more common than bilateral), it represents 
persistence of an embryonic pattern. This configuration 
results in carotid dominance of posterior circulation and is 
associated with altered perfusion dynamics during carotid or 
basilar artery compromise. Patients with fPCA may 
demonstrate atypical stroke patterns involving posterior 
territories secondary to carotid pathology.[10,11]

Complete vs. Incomplete Circle:
A complete Circle of Willis implies all components are 
present, patent, and symmetrical. However, angiographic and 
cadaveric studies consistently demonstrate that a complete 
CoW occurs in only about 40–50% of individuals. The 
incomplete type, characterized by absence or hypoplasia of 
one or more segments, predominates. Incomplete 
configurations are subdivided into Anterior incomplete type, 
characterised by defects in ACoA or A1 segment, Posterior 
incomplete type defined by hypoplastic or absent PCoA or 
PCA & Mixed type involving both anterior and posterior 
segments. Hemodynamically, an incomplete CoW offers 
limited compensatory flow and is associated with greater 
infarct size and poor prognosis following arterial 
occlusion.[12,13]

Morphological Patterns and Prevalence:
Meta-analyses of CTA and MRA studies reveal wide 
geographic and ethnic variation in CoW morphology, with 
hypoplastic PCoA reported in 25-35%,  absent PCoA in 10-
20%, fetal-type PCA in 10-30%, hypoplastic A1 (ACA) in 10-
15%, absent ACoA in 10-12%, and complete CoW in  40-50%. 
Such variability suggests a genetic and developmental basis, 
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influenced by intrauterine hemodynamic conditions. 
Understanding the prevalence of these variants aids 
clinicians in interpreting angiographic findings and 
assessing individual cerebrovascular risk.[7]

Hemodynamic Implications:
The anatomical integrity of the CoW determines the 
direction, velocity, and adaptability of cerebral blood flow 
during vascular compromise. Computational flow dynamics 
(CFD) and Doppler studies reveal that hypoplastic segments 
contribute minimally to collateral circulation. In contrast, a 
complete and symmetrical CoW maintains effective 
physiological flow patterns even under occlusive stress. Thus, 
morphological completeness translates into greater 
functional resilience against ischemic events.[1]

Clinical Correlation In Ischemic Stroke:
Ischemic stroke represents one of the most catastrophic 
manifestations of cerebrovascular disease, resulting from the 
abrupt interruption of cerebral blood flow. The clinical 
spectrum from transient ischemic attacks to massive 
infarctions largely depends on the efficacy of collateral 
circulation. The Circle of Willis (CoW), as the principal 
intracranial collateral pathway, plays a critical role in 
maintaining perfusion to affected territories during arterial 
occlusion. Its anatomical completeness, symmetry, and vessel 
calibers dictate the brain's resilience to ischemia. In 
physiological conditions, the pressure across the CoW 
remains equalized, and flow through the communicating 
arteries is minimal. However, when one major artery (such as 
the internal carotid or vertebral) becomes narrowed or 
occluded, a pressure gradient develops, prompting 
compensatory flow through the collateral channels of the 
CoW. If the CoW is complete, this collateral redistribution 
occurs efficiently, maintaining perfusion until recanalization 
or therapeutic intervention. Conversely, in incomplete 
configurations with hypoplastic or absent communicating 
segments collateral flow becomes inadequate, resulting in 
hemodynamic insufficiency, increased infarct volume, and 
worse neurological outcomes.[4,13]

Influence of Specific Anatomical Variations on Stroke 
Patterns:
(a): Anterior Circulation Variations:
Hypoplast ic  or  absent  A1 segment  (ACA) l imi ts 
interhemispheric flow via the ACoA, predisposing to 
unilateral frontal or callosal infarcts even with contralateral 
carotid patency, and the clinical implication is that patients 
with significant carotid stenosis on one side and a hypoplastic 
contralateral A1 are at markedly higher risk of ischemia in the 
ipsilateral ACA territory. Absent or fenestrated ACoA 
interrupts anterior cross-circulation, and during carotid 
occlusion, such patients may lack compensatory flow to the 
opposite hemisphere, leading to more extensive cortical 
infarction.[9,14]

(b): Posterior Circulation Variations:
Hypoplastic or absent PCoA diminishes carotid-basilar 
communication and reduces collateral supply to the posterior 
cerebral territory, thereby predisposing individuals to 
occipital and thalamic infarcts, particularly in the setting of 
ver tebrobasi lar  insuf f ic iency. Radiological ly, CT 
angiography often demonstrates poor retrograde filling of 
posterior territories during carotid occlusion in such cases. 
Conversely, the presence of a fetal-type PCA (fPCA) alters 
intracranial flow dynamics by making posterior territories 
dependent on the carotid circulation, such that carotid 
stenosis may lead to posterior infarcts that can mimic basilar 
pathology. Clinically, fPCA has been associated with a higher 
incidence of posterior cerebral artery strokes and 
paradoxical embolic patterns.

(c): Mixed and Incomplete Configurations:
When both anter ior  and poster ior  segments are 

compromised, collateral potential becomes minimal. Such 
patients often experience larger infarct volumes, early 
neurological deterioration, and reduced response to 
reperfusion therapy.[14,15,16]

Correlation Between CoW Completeness and Stroke 
Severity:
Several imaging-based clinical studies have demonstrated a 
clear association between CoW configuration and stroke 
severity. Complete CoW is associated with smaller infarct 
size, lower NIHSS (National Institutes of Health Stroke Scale) 
scores, and better outcomes post-thrombolysis. Whereas 
Incomplete CoW correlates with extensive ischemia, delayed 
recanalization, and higher risk of malignant middle cerebral 
artery (MCA) infarction. Hemodynamic studies (using 
Transcranial Doppler) show reduced compensatory flow in 
incomplete CoW during carotid compression tests. Meta-
analyses suggest that patients with incomplete CoW have up 
to 2.5 times higher odds of poor clinical outcome following 
ischemic stroke compared with those having a complete 
configuration. While another study reported the presence of 
an incomplete Circle of Willis decreases odds of having good 
outcomes by 47%. [17,18,19]

Role In Collateral Circulation And Prognosis:
Collateral circulation via the Circle of Willis acts as the 
primary compensatory mechanism during acute ischemic 
events, enabling redistribution of blood from unaffected 
territories to preserve penumbral tissue and limit infarct 
expansion. Neuroimaging studies show that patients with 
complete CoW frequently exhibit smaller diffusion-perfusion 
mismatch and reduced infarct core expansion on MRI. 
Therapeutically, the effectiveness of interventions such as 
thrombolysis and mechanical thrombectomy is partly 
influenced by the robustness collateral pathways, a well-
developed CoW enhances recanalization efficiency and 
improves reperfusion outcomes. [18,20,21]

Summary of Clinical Correlations:

CONCLUSION:
The Circle of Willis stands as a remarkable testament to the 
brain's adaptive vascular design, yet its variability defines the 
boundary between protection and vulnerability. A complete 
and symmetrical CoW ensures robust collateralization and 
resistance to ischemia, whereas incomplete configurations 
predispose to extensive infarction, poor neurological 
recovery, and adverse therapeutic outcomes. With the advent 
of advanced imaging, clinicians now possess the tools to 
evaluate CoW morphology non-invasively, transforming 
classical anatomy into a practical diagnostic instrument. 
Ultimately, the integration of anatomical insight with clinical 
acumen enriches our capacity to predict, prevent, and 
mitigate the burden of cerebrovascular disease. 
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