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Abstract
Stroke remains a leading cause of mortality and long-term disability worldwide, with marked variability in clinical presentation, infarct progression, and outcomes among patients with similar vascular occlusions. This heterogeneity is increasingly recognized to be influenced by cerebrovascular anatomy and the efficiency of collateral circulation. The Circle of Willis represents the primary arterial anastomotic network of the brain and plays a critical role in maintaining cerebral perfusion during arterial compromise. This narrative review synthesizes current evidence on the anatomy, embryological development, anatomical variants, and functional significance of the Circle of Willis in relation to stroke pathophysiology, localization, and clinical management. Literature published between 2000 and 2025 was reviewed using major biomedical databases, with emphasis on contemporary studies addressing collateral circulation, ischemic core–penumbra dynamics, and advanced imaging correlates. The review highlights how variations in the Circle of Willis and secondary collateral pathways influence infarct evolution, therapeutic windows, and outcomes in both ischemic and hemorrhagic stroke. Understanding these anatomical and physiological determinants provides a framework for individualized stroke assessment and supports the shift toward anatomy- and tissue-based approaches in acute stroke management. Improved recognition of cerebrovascular variants and collateral status may enhance prognostication and guide precision-based therapeutic strategies.
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1. INTRODUCTION
Stroke continues to be one of the primary causes of death and disability encyclopedically, creating a significant strain on individuals, healthcare systems, and society (Murphy & Werring, 2020). Despite significant advances in acute stroke management, marked variability persists in clinical presentation, infarct progression, and functional outcomes among patients with similar vascular occlusions. This variability is being increasingly acknowledged as influenced by variations in cerebral vascular structure and the sufficiency of collateral circulation (Maguida & Shuaib, 2023).
Collateral blood flow plays a critical role in maintaining cerebral perfusion during arterial compromise. The Circle of Willis constitutes the primary intracranial arterial anastomotic network, enabling redistribution of blood flow between the anterior and posterior circulations when major vessels are occluded (Rosner et al., 2025). However, anatomical completeness and functional efficiency of the Circle of Willis vary considerably across individuals, influencing infarct size, tissue viability, and response to reperfusion therapies. A detailed understanding of its anatomy, embryological development, and physiological role is therefore essential for interpreting stroke mechanisms and guiding clinical decision-making.
Progress in stroke research has advanced steadily through sustained efforts across basic science, clinical investigation, and health systems research (Donnan et al., 2008; Feigin et al., 2017). Advances in genetics, inflammation, neuroimaging, pharmacotherapy, endovascular intervention, and rehabilitation have collectively reshaped contemporary concepts of stroke pathophysiology and management (Caplan, 2016). Genetic studies have highlighted the polygenic nature of stroke susceptibility, while experimental and clinical data have underscored the roles of inflammation, ischemic tolerance, and vascular remodeling in determining tissue outcome following cerebral ischemia (Dichgans et al., 2014; Malik et al., 2018).
Clinical paradigms have similarly evolved, with increased recognition that transient ischemic attack represents a medical emergency rather than a benign event. Imaging-based risk stratification, tissue-based treatment windows, and organized stroke unit care have significantly improved outcomes, while mechanical thrombectomy has transformed the management of large-vessel occlusion (Johnston et al., 2007; Goyal et al., 2016; Powers et al., 2019). Despite these advances, primary prevention—particularly blood pressure control—remains the most effective strategy for reducing the global burden of stroke (O’Donnell et al., 2016).
Accordingly, this narrative review aims to synthesize current knowledge on the anatomy and embryological development of the Circle of Willis, the role of collateral circulation, and their relevance to stroke pathophysiology, clinical presentation, and management.


2. Epidemiology
Stroke continues to impose a substantial global burden, with incidence, prevalence, and disability-adjusted life years increasing steadily over recent decades despite advances in prevention and acute care. In many middle- and high-income nations, it is the second leading cause of death and the primary cause of acquired physical disability in adults (Murphy & Werring, 2020). Among non-communicable diseases, stroke currently ranks as the second leading cause of death and the third leading cause of death and disability combined, as measured by disability-adjusted life years (DALYs) (Donnan et al., 2008; Feigin et al., 2017; GBD 2021 Stroke Collaborators, 2023). Although substantial advances have been made in acute stroke care, preventive strategies, and rehabilitation services, the absolute global burden of stroke continues to rise.
Contemporary epidemiological data indicate that this increasing burden is driven largely by population growth, global aging, rapid urbanization, and sustained exposure to modifiable vascular risk factors (Feigin et al., 2017; O’Donnell et al., 2016). Importantly, stroke is no longer confined to elderly populations or high-income countries but affects individuals across a wide age range and diverse socioeconomic settings (Menshawi et al., 2015). In addition to its acute neurological consequences, cerebrovascular disease is a major contributor to epilepsy in older adults and represents a leading cause of late-onset dementia, underscoring its long-term impact on neurological health (Murphy & Werring, 2020).
Estimates from the Global Burden of Disease (GBD) 2021 study demonstrate a substantial rise in stroke burden over recent decades. Between 1990 and 2021, the number of incident strokes increased by approximately 70%, stroke-related deaths rose by nearly 44%, and the prevalence of individuals living with stroke increased by more than 80% (GBD 2021 Stroke Collaborators, 2023). Over the same period, DALYs attributable to stroke increased by approximately 32%, reflecting improved survival but a growing population living with stroke-related disability (Feigin et al., 2017; GBD 2021 Stroke Collaborators, 2023). In 2021 alone, an estimated 11.9 million new strokes occurred globally, nearly 94 million individuals were living with the consequences of stroke, and more than 7 million stroke-related deaths were recorded annually (GBD 2021 Stroke Collaborators, 2023). The economic burden of stroke is similarly substantial, with global costs exceeding US$890 billion per year, corresponding to nearly 0.7% of the global gross domestic product (Feigin et al., 2017).
The global distribution of stroke burden is markedly uneven. Low- and middle-income countries (LMICs) bear a disproportionate share, accounting for approximately 87% of stroke-related deaths and nearly 90% of stroke-related DALYs worldwide (Feigin et al., 2017; GBD 2021 Stroke Collaborators, 2023; World Health Organization [WHO], 2019). While age-standardized stroke incidence and mortality rates have declined in several high-income countries due to improved preventive care and health system infrastructure, many regions in South and Southeast Asia, East Asia, Oceania, and sub-Saharan Africa have experienced stagnation or reversal of these trends in recent years (Feigin et al., 2017; O’Donnell et al., 2016). These disparities reflect differences in access to preventive healthcare, early diagnosis, acute stroke services, rehabilitation facilities, and long-term control of vascular risk factors such as hypertension, diabetes mellitus, and dyslipidaemia (WHO, 2019; Powers et al., 2019).
From a pathological perspective, ischaemic stroke constitutes the majority of global stroke cases, accounting for approximately 65% of all incident strokes. This is followed by intracerebral haemorrhage (ICH), which represents nearly 29%, and subarachnoid haemorrhage (SAH), which accounts for approximately 6% (Donnan et al., 2008; Qureshi et al., 2009). High-income countries generally report a higher proportion of ischaemic strokes, whereas haemorrhagic strokes are relatively more common in LMICs, likely reflecting suboptimal hypertension control and limited access to preventive healthcare services (Feigin et al., 2017; Qureshi et al., 2009). Although less prevalent, ICH contributes disproportionately to stroke-related mortality and disability due to its high fatality rate and severe neurological sequelae (Greenberg et al., 2022; Qureshi et al., 2009).
Stroke incidence increases sharply with advancing age; however, it is increasingly recognized as a condition affecting younger populations. Approximately 15% of all strokes occur in individuals aged 15–49 years, and more than half of incident strokes occur in people younger than 70 years (Feigin et al., 2017; O’Donnell et al., 2016). Stroke in younger adults carries significant socioeconomic consequences, including prolonged disability, loss of productivity, and increased caregiver burden (Donnan et al., 2008). Sex-related differences are also evident, with men accounting for a slightly higher proportion of incident strokes globally, while women represent a greater proportion of stroke survivors due to longer life expectancy. However, women bear similar burdens of mortality and disability, underscoring the necessity of sex-specific preventive and rehabilitative measures. (Feigin et al., 2017; Murphy & Werring, 2020).
Epidemiological evidence strongly supports the concept that stroke is largely preventable. Nearly 84% of the global stroke burden has been attributed to a combination of modifiable metabolic, behavioural, and environmental risk factors (GBD 2021 Stroke Collaborators, 2023). Metabolic risk factors—particularly hypertension, elevated body mass index, hyperglycaemia, and dyslipidaemia—account for the largest proportion of stroke-related DALYs worldwide (Feigin et al., 2017; O’Donnell et al., 2016). Behavioural factors such as tobacco use, unhealthy diet, physical inactivity, and harmful alcohol consumption contribute substantially to stroke risk, while environmental exposures, including air pollution, further amplify the burden, particularly in densely populated and industrial regions (GBD 2021 Stroke Collaborators, 2023).
Collectively, the contemporary epidemiology of stroke highlights a critical paradox: despite the availability of effective preventive and therapeutic interventions, the global burden of stroke continues to rise due to inequitable implementation, health system limitations, and persistent exposure to modifiable risks (WHO, 2019; Powers et al., 2019). Aging populations, lifestyle transitions, environmental changes, and socioeconomic disparities continue to drive stroke incidence and disability worldwide (Feigin et al., 2017). These patterns underscore the urgent need for integrated, population-based strategies that combine primordial, primary, and secondary prevention, particularly in resource-limited settings where the impact of stroke is greatest (WHO, 2019).


3. Methodology
This narrative review was conducted to synthesize current evidence on the anatomy, embryological development, anatomical variants, and functional significance of the Circle of Willis and collateral circulation in relation to stroke pathophysiology, clinical presentation, and management. A comprehensive literature search was performed using electronic databases including PubMed/MEDLINE, Scopus, Google Scholar, and Cochrane Library. Searches included peer-reviewed articles published primarily between 2000 and 2025, with emphasis on recent high-quality studies from 2015 onward to ensure contemporary relevance.
Search terms were used alone and in combination and included: Circle of Willis, cerebral collateral circulation, ischemic stroke, cerebrovascular anatomy, embryology of cerebral arteries, stroke localization, ischemic core and penumbra, and posterior communicating artery. Reference lists of key articles and authoritative textbooks (e.g., Gray’s Anatomy, StatPearls) were manually screened to identify additional relevant sources.
Eligible publications included narrative and systematic reviews, original clinical studies, imaging studies, anatomical and embryological research, clinical guidelines, and landmark trials relevant to stroke and cerebrovascular anatomy. Case reports were selectively included where they provided unique anatomical–clinical correlations relevant to collateral circulation or multi-territorial ischemia. Non-English articles, conference abstracts without full text, and studies lacking clear anatomical or clinical relevance were excluded.
Data extraction focused on cerebrovascular anatomy, anatomical variants of the Circle of Willis, collateral pathways, infarct core–penumbra dynamics, imaging correlates, and clinical implications for stroke localization and management. Given the narrative nature of this review, no formal meta-analysis was performed. Instead, evidence was synthesized qualitatively to integrate anatomical, physiological, and clinical perspectives and to highlight areas of consensus, controversy, and future research directions.


4. Overview of Cerebral Circulation
Cerebral circulation is divided into anterior and posterior systems. The anterior circulation arises from the internal carotid arteries. It supplies the frontal, parietal, and lateral temporal lobes, as well as deep structures such as the basal ganglia and internal capsule. The posterior circulation originates from the vertebral arteries, which unite to form the basilar artery, supplying the brainstem, cerebellum, occipital lobes, and parts of the thalamus and temporal lobes. These two circulatory systems are interconnected at the base of the brain by the Circle of Willis, enabling collateral redistribution of blood flow (Gray's Anatomy).

5. Anatomy of the Circle of Willis
The Circle of Willis is an arterial polygon located in the interpeduncular fossa at the base of the brain, surrounding the optic chiasma and pituitary stalk. It is formed by the paired anterior cerebral arteries connected by the anterior communicating artery, the internal carotid arteries, the paired posterior communicating arteries, and the posterior cerebral arteries arising from the basilar artery. Although the middle cerebral artery originates from the internal carotid artery, it is not part of the Circle of Willis because it does not contribute to the anastomotic ring. This distinction is clinically important, as the middle cerebral artery supplies the largest cortical territory and is most frequently involved in ischemic stroke (Gray’s Anatomy).

6. Embryological Development
The Circle of Willis develops through a complex sequence of embryological vascular transformations. The internal carotid arteries arise primarily from the third aortic arch and dorsal aorta and divide into anterior and posterior divisions during early development. The anterior cerebral arteries originate from the anterior division, while the posterior circulation is initially supplied through primitive carotid–basilar anastomoses. With maturation, the posterior cerebral arteries become branches of the basilar artery, and the posterior communicating arteries persist as connecting channels. Variations in regression or persistence of embryonic vessels account for the wide anatomical diversity of the adult Circle of Willis.
Development of the embryonic vascular system precedes the onset of cardiac exertion and occurs through two basic processes: vasculogenesis and angiogenesis (Menshawi et al., 2015; Koroulakis & Agarwal, 2025). Vasculogenesis refers to the differentiation of hemangioblasts into angioblasts and the formation of the primary vascular plexus, whereas angiogenesis involves the sprouting and remodeling of new vessels from pre-existing vasculature (Risau, 1997; Carmeliet, 2005). Angiogenesis is primarily driven by tissue hypoxia and ischemia, mediated by growth factors such as vascular endothelial growth factor (VEGF), which promote capillary proliferation in metabolically active regions (Carmeliet, 2005; Potente et al., 2011). Progressive capillary formation reduces vascular resistance in larger arteries, facilitating flow-dependent arterial remodeling and maturation (Lucitti et al., 2007).
The cerebral circulation begins to develop early in embryogenesis with the formation of six paired primitive branchial arch arteries at approximately the 1.3-mm embryonic stage, which subsequently undergo extensive remodeling (Menshawi et al., 2015; Padget, 1948). The internal carotid arteries (ICAs) appear around the 3-mm stage (approximately 24 days) from the fusion of the third branchial arch arteries with the distal dorsal aortae (Padget, 1948; Koroulakis & Agarwal, 2025). During this process, the ventral pharyngeal artery separates from the dorsal aorta and later contributes to the formation of the common carotid artery proximally and the external carotid artery distally (Padget, 1948).
By the 4-mm embryonic stage, the primitive ICA divides into anterior and posterior divisions (Menshawi et al., 2015). The anterior division initially supplies the optic and olfactory regions and later gives rise to the anterior cerebral artery (ACA), middle cerebral artery (MCA), and anterior choroidal artery (AChA), while the posterior division forms the fetal posterior cerebral artery (PCA) and posterior choroidal artery (PChA) (Padget, 1948; Lasjaunias et al., 2001). At this stage, the superior cerebellar artery—arising from the future basilar artery—is the primary vascular supply to the developing cerebellum (Menshawi et al., 2015).
Development of the posterior circulation is initiated by rapid growth of the occipital lobes and brainstem, which increases metabolic demand and stimulates vascular expansion (Lasjaunias et al., 2001). During the 4–5-mm stage, the hindbrain is supplied by paired longitudinal neural arteries that receive blood from transient carotid–vertebrobasilar anastomoses, including the trigeminal, otic, hypoglossal, and proatlantal arteries (Padget, 1948; Menshawi et al., 2015). The basilar artery forms between the 5–8 mm stages through fusion of these longitudinal neural arteries, while most transient anastomoses regress as the posterior communicating artery (PCOMM) develops (Lasjaunias et al., 2001). The proatlantal artery persists longer and contributes to the formation of the vertebral artery, which develops from longitudinal anastomoses between cervical intersegmental arteries by the 7–12 mm stage (Padget, 1948).
The middle cerebral artery is first identified at the 11–12-mm stage as plexiform buds arising from the anterior division of the ICA and becomes the dominant blood supply to the cerebral hemispheres early in development (Menshawi et al., 2015). By the 16–18-mm stage, the MCA consolidates into a single trunk with penetrating cortical branches (Padget, 1948). Concurrently, the ACA extends medially toward its contralateral counterpart, culminating in the formation of the anterior communicating artery (ACOMM) by the 21–24-mm stage (Lasjaunias et al., 2001). Distal cortical vessels develop radial branching patterns and establish early anastomoses within the growing cerebral hemispheres (Risau, 1997).
The posterior aspect of the Circle of Willis forms earlier than the anterior component, as the fetal PCA transitions into the PCOMM and the definitive PCA connects with the basilar artery (Menshawi et al., 2015). Completion of the anterior circulation—specifically development of the ACA and ACOMM—marks the final configuration of the adult Circle of Willis by approximately 6–7 weeks of gestation (Padget, 1948; Koroulakis & Agarwal, 2025).
These embryological processes explain the high prevalence of anatomical variants in the adult Circle of Willis, many of which have direct implications for collateral capacity and vulnerability to ischemic injury.


7. Collateral Circulation
Collateral circulation refers to alternative vascular pathways that maintain cerebral perfusion when primary cerebral arteries are compromised (Liebeskind, 2019; Maguida & Shuaib, 2023).
Primary collaterals are provided by the Circle of Willis, allowing redistribution of blood flow between cerebral hemispheres and between the anterior and posterior circulations (Rosner et al., 2025; Standring, 2021).
Secondary collaterals consist of leptomeningeal anastomoses between cortical branches of the anterior, middle, and posterior cerebral arteries, which become functionally important during arterial occlusion (Shuaib et al., 2011; Liebeskind, 2019).
Tertiary collaterals develop through angiogenesis and arteriogenesis in response to chronic cerebral ischemia, as observed in conditions such as Moyamoya disease (Scott & Smith, 2009; Menshawi et al., 2015).
The adequacy and efficiency of these collateral pathways strongly influence infarct progression, penumbral survival, and overall neurological outcome in ischemic stroke (Albers et al., 2018; Powers et al., 2019).

8. Functional Role of the Posterior Communicating Artery
The posterior communicating artery is a key functional component of the Circle of Willis, directly linking the anterior and posterior cerebral circulations (Standring, 2021; Rosner et al., 2025).
In the setting of internal carotid artery occlusion, a patent posterior communicating artery permits compensatory blood flow from the vertebrobasilar system to anterior circulation territories, thereby preserving cerebral perfusion (Maguida & Shuaib, 2023; Liebeskind, 2019).
Conversely, in vertebrobasilar insufficiency, the posterior communicating artery facilitates collateral flow from the internal carotid system to posterior circulation structures, including the occipital lobes and brainstem (Banerjee et al., 2018; Harrigan & Deveikis, 2013).
Hypoplasia or absence of the posterior communicating artery significantly limits collateral capacity and has been associated with larger infarct volumes, reduced penumbral preservation, and poorer clinical outcomes (Menshawi et al., 2015; Tanaka et al., 2006).
A prominent posterior communicating artery is characteristic of the fetal origin of the posterior cerebral artery, an anatomical variant with important implications for stroke localization, collateral dependence, and endovascular planning (Menshawi et al., 2015; Standring, 2021).

9. Anatomical Variations of the Circle of Willis
A complete Circle of Willis is present in fewer than half of individuals. Common variations include hypoplastic or absent posterior communicating arteries, absent anterior communicating artery, fetal origin of the posterior cerebral artery, and azygous anterior cerebral artery. These variations alter cerebral hemodynamics and collateral efficiency, contributing to inter-individual differences in stroke severity and recovery. Recognition of these variants is essential in diagnostic imaging and therapeutic planning.
Cerebral Arterial Variants and Developmental Considerations
As the cerebral vascular network matures into its typical adult configuration, variations arising during embryological development can result in a wide spectrum of anatomical arterial variants (Menshawi et al., 2015; Lasjaunias et al., 2001). These variants reflect alterations in normal processes of arterial fusion, regression, and remodeling and may involve any component of the cerebral circulation (Padget, 1948; Koroulakis & Agarwal, 2025).
Fenestrations and Duplications
Fenestrations of cerebral arteries are congenital anomalies characterized by division of a single arterial segment into two parallel channels that later rejoin, restoring a single lumen distally (Cooke et al., 2014; van Rooij et al., 2007). Reported prevalence varies widely—from 0.3% to nearly 30%—depending on imaging modality, population studied, and diagnostic criteria employed (van Rooij et al., 2007; Dey et al., 2018). From an anatomical standpoint, the term fenestration should be reserved for arteries with a common origin that split transiently and reunite, with or without sharing an adventitial layer (Lasjaunias et al., 2001; Cooke et al., 2014).
Fenestrations must be distinguished from duplications, which represent two distinct arteries arising from separate origins that later fuse distally into a single vessel (Dey et al., 2018; Gailloud et al., 2002). Both fenestrations and duplications are considered among the most common cerebral arterial variants after hypoplasia and are observed more frequently in the anterior circulation (van Rooij et al., 2007; Dey et al., 2018). The anterior communicating artery (ACOMM) is the most commonly affected vessel, whereas fenestrations of the internal carotid artery are exceedingly rare (Gailloud et al., 2002; Uchino et al., 2013).
The embryological basis of these variants is thought to involve incomplete fusion of primitive arterial plexi; however, alternative mechanisms such as transarterial passage of nerves, bony structures, or enlarged vasa vasorum have also been proposed (Lasjaunias et al., 2001; Cooke et al., 2014). Although digital subtraction angiography remains the reference standard for detection, three-dimensional rotational angiography provides superior visualization of fenestrated segments compared with conventional imaging (van Rooij et al., 2007; Dey et al., 2018).
Hypoplastic Arteries
The arteries forming the adult Circle of Willis exhibit considerable variability in caliber, and several proportional relationships have been proposed to define normal vessel size (Menshawi et al., 2015). Typically, the posterior communicating artery is approximately half the diameter of the posterior cerebral artery, which itself is roughly half the diameter of the basilar artery, while the anterior communicating artery measures about one half to two thirds the diameter of the anterior cerebral artery (Padget, 1948; Lasjaunias et al., 2001). Arteries that are markedly smaller than expected are classified as hypoplastic, often appearing thread-like or sling-shaped on imaging (Hoksbergen et al., 2003; Krabbe-Hartkamp et al., 1998).
Large autopsy and imaging studies demonstrate that a “complete” Circle of Willis—containing all typical arterial components—is present in only about half of individuals, with hypoplastic arteries representing the most frequent anomaly (Krabbe-Hartkamp et al., 1998; Hoksbergen et al., 2003). Hypoplasia most commonly involves the posterior communicating artery or the anterior communicating artery, whereas complete absence of an artery is relatively rare and usually affects the ACOMM (Krabbe-Hartkamp et al., 1998). Population-based magnetic resonance angiography studies in individuals without stroke further confirm that a fully complete Circle of Willis is the exception rather than the norm, with posterior circulation vessels showing the greatest variability (Hoksbergen et al., 2003; Menshawi et al., 2015).
Differences in reported prevalence between autopsy, angiographic, and magnetic resonance studies can be partly attributed to technical limitations of noninvasive imaging, particularly in distinguishing severely hypoplastic arteries from completely absent vessels (Uchino et al., 2013; Dey et al., 2018).
Classification of Cerebral Arterial Variants
Based on the synthesis of existing literature, cerebral arterial variants may be conceptually classified into three broad categories: anomalies of normally present arteries (such as hypoplasia, duplication, or fenestration), persistence of embryonic arteries that normally regress, and visualization of normally inconspicuous anastomotic channels (Lasjaunias et al., 2001; Menshawi et al., 2015). This classification framework emphasizes the developmental origins of cerebrovascular variants and provides a useful anatomical context for understanding their clinical relevance.


10. Classification of Stroke
Stroke is broadly classified into ischemic and hemorrhagic types. Ischemic stroke is commonly categorized using the TOAST classification, which includes large artery atherosclerosis, cardioembolic stroke, small vessel occlusion, stroke of other determined etiology, and stroke of undetermined etiology. Phenotype-based systems such as A-S-C-O provide a more detailed etiological framework, although their clinical utility remains under evaluation. Classification of spontaneous intracerebral hemorrhage is less standardized, with systems such as SMASH-U categorizing causes based on underlying mechanisms and risk factors.

11. Risk Factors for Stroke 
Stroke represents a complex cerebrovascular disorder arising from the interaction of multiple demographic, genetic, medical, and lifestyle-related factors (Feigin et al., 2017; Murphy & Werring, 2020). Unlike myocardial infarction, which is most often attributable to a single dominant mechanism such as coronary atherosclerosis, stroke encompasses a heterogeneous group of pathological processes (Tirschwell et al.,2004; Donnan et al., 2008; Caplan, 2016). Consequently, the identification and interpretation of stroke risk factors are more intricate, as they vary according to stroke subtype, age, population characteristics, and temporal exposure (Adams et al., 1993; O’Donnell et al., 2016; Feigin et al., 2017). Understanding these risk factors is essential for effective prevention strategies and for reducing the growing global burden of stroke (World Health Organization [WHO], 2019).
Stroke risk factors may be broadly categorized into non-modifiable and modifiable determinants (Murphy & Werring, 2020). In addition, risk factors can be conceptualized according to their duration of influence, including long-term predispositions (such as age and genetics), intermediate contributors (such as hypertension and diabetes), and short-term triggers (such as infections or acute inflammation) (O’Donnell et al., 2016; Feigin et al., 2017). Importantly, many strokes occur as a first-ever event, emphasizing the importance of primary prevention through early identification and modification of risk factors (WHO, 2019; Powers et al., 2019).

Non-Modifiable Risk Factors
Age
Stroke is predominantly a disease of aging, with incidence rising sharply with advancing age and approximately doubling with each decade after 55 years (Roger et al.,2012; Feigin et al., 2017; Murphy & Werring, 2020). This age-related increase reflects cumulative vascular injury, progressive endothelial dysfunction, arterial stiffening, and prolonged exposure to modifiable vascular risk factors (Donnan et al., 2008; Caplan, 2016). Although stroke is most common in older adults, recent epidemiological trends indicate a rising incidence of ischemic stroke among younger populations, particularly those aged 20–54 years (Feigin et al., 2017; GBD 2021 Stroke Collaborators, 2023). This shift is likely influenced by increasing prevalence of obesity, diabetes mellitus, sedentary lifestyles, and improved diagnostic sensitivity (v) (O’Donnell et al., 2016; Menshawi et al., 2015).
Sex
The relationship between sex and stroke risk varies across the lifespan (Feigin et al., 2017). At younger ages, women experience a stroke risk comparable to or higher than men (Kapral et al.,2005), largely due to pregnancy-related physiological changes, postpartum hypercoagulability, and hormonal influences such as oral contraceptive use (Roger et al.,2012; Reeves et al.,2009; Bushnell et al., 2018). At older ages, stroke incidence becomes marginally higher in men; however, women account for a greater overall burden of stroke due to longer life expectancy (Feigin et al., 2017). Additionally, women are more likely to have strokes later in life, which frequently results in poorer functional outcomes and greater rates of disability (Asplund et al.,2009; Murphy & Werring, 2020).
Race and Ethnicity
Substantial racial and ethnic disparities exist in stroke incidence, severity, and mortality (Feigin et al., 2017). Individuals of African ancestry experience approximately double the risk of incident stroke compared with White populations and have higher stroke-related mortality (Cruz-Flores et al.,2011;  (Zahuranec et al., 2006; O’Donnell et al., 2016). These disparities are especially pronounced in younger age groups, where hemorrhagic stroke occurs more frequently (Zhang et al.,2008; Qureshi et al., 2009). While higher prevalence of hypertension, diabetes, and obesity explains part of this disparity, socioeconomic factors, access to healthcare, environmental exposures, and broader social determinants of health play significant roles (Giles et al.,1995; Howard et al.,2016; WHO, 2019; GBD 2021 Stroke Collaborators, 2023).
Genetic Predisposition
Genetic factors contribute meaningfully to stroke susceptibility through both rare monogenic disorders and more common polygenic influences (Dichgans et al., 2019). Individual risk is increased by a positive family history of stroke, with different stroke subtypes having different heritabilities (Seshadri et al.,2010; Touze & Rothwell, 2008; Debette et al., 2020). Genetic predisposition may operate directly by affecting vascular integrity or indirectly by influencing conventional risk factors such as hypertension, diabetes, and atrial fibrillation (MEGASTROKE Consortium, 2018). Although most genetic determinants are currently non-modifiable, recognition of genetic risk enables early identification and individualized preventive strategies (Dichgans et al., 2019).
Modifiable Risk Factors
Hypertension
Hypertension is the single most important modifiable risk factor for stroke (Feigin et al., 2017; Powers et al., 2019). There is a strong, continuous, and dose-dependent relationship between blood pressure levels and stroke risk, with no clear threshold below which risk is eliminated (Chobanian et al.,2003; Lewington et al.,2002; O’Donnell et al., 2016). Elevated blood pressure contributes to both ischemic and hemorrhagic stroke by accelerating atherosclerosis, inducing cerebral small vessel disease, and increasing the likelihood of vessel rupture (Qureshi et al., 2009; Greenberg et al., 2022). Effective blood pressure control through lifestyle modification and pharmacological therapy remains the most impactful strategy for reducing stroke incidence at the population level (WHO, 2019).
Diabetes Mellitus
Diabetes mellitus independently doubles the risk of stroke and accounts for a substantial proportion of stroke-related mortality (Emerging Risk Factors Collaboration, 2018). Chronic hyperglycemia promotes endothelial dysfunction, inflammation, and accelerated atherosclerosis affecting both large and small cerebral vessels (Donnan et al., 2008). Stroke risk increases with longer duration of diabetes, and individuals with diabetes tend to experience strokes at younger ages and with worse functional outcomes (Feigin et al., 2017). Prediabetes has also been associated with increased stroke risk, underscoring the importance of early metabolic intervention (O’Donnell et al., 2016).
Cardiac Disorders
Cardiac conditions, particularly atrial fibrillation, represent major risk factors for ischemic stroke through embolic mechanisms (Banerjee et al., 2012; Sui et al.,2011; Hindricks et al., 2021). Stroke related to atrial fibrillation is often severe and associated with high morbidity and mortality (Powers et al., 2019). Emerging evidence suggests that atrial structural and functional abnormalities—collectively referred to as atrial cardiopathy—may predispose individuals to thromboembolism even in the absence of documented atrial fibrillation (Horenstein et al.,2002; Kamel et al., 2020).
Dyslipidemia
The relationship between lipid abnormalities and stroke risk is complex and varies by stroke subtype (Sacco et al.,2001; Donnan et al., 2008). Elevated total and low-density lipoprotein cholesterol levels increase the risk of ischemic stroke, whereas lower cholesterol levels have been associated with an increased risk of intracerebral hemorrhage (Amarenco et al.,2004; Baigent et al.,2005; Qureshi et al., 2009). Statin therapy has consistently demonstrated benefit in reducing ischemic stroke incidence and overall cardiovascular events, with benefits outweighing potential hemorrhagic risks in most populations (Lauer et al.,2015; Goldstein et al.,2008; Powers et al., 2019; Greenberg et al., 2022).
Obesity, Physical Inactivity, and Metabolic Syndrome
Obesity and sedentary behavior contribute significantly to stroke risk, primarily through adverse effects on blood pressure, glucose metabolism, and lipid profiles (Feigin et al., 2017). Central (abdominal) obesity appears to be a stronger predictor of stroke risk than body mass index alone (O’Donnell et al., 2016). Regular physical activity confers substantial protection against stroke by improving endothelial function, reducing inflammation, and mitigating cardiometabolic risk factors (Zhou et al.,2007; WHO, 2019). Metabolic syndrome is associated with an increased risk of ischemic stroke, particularly as the number of metabolic abnormalities increases (Manson et al.,1991; Emerging Risk Factors Collaboration, 2018).
Smoking, Alcohol, and Substance Abuse
Cigarette smoking nearly doubles the risk of stroke through endothelial injury, enhanced platelet aggregation, and accelerated atherosclerosis (O’Donnell et al., 2016). Smoking cessation leads to a rapid decline in stroke risk, approaching that of non-smokers within several years (WHO, 2019). Alcohol consumption demonstrates a dose-dependent relationship with stroke, with light to moderate intake potentially protective for ischemic stroke, while heavy consumption increases the risk of both ischemic and hemorrhagic stroke (Rantakomi et al.,2013; Taylor et al.,2009; GBD 2019 Risk Factors Collaborators, 2020). Illicit substances such as cocaine, amphetamines, and opioids markedly increase stroke risk, particularly in younger individuals, through mechanisms including vasospasm, hypertension, arrhythmias, and hypercoagulability (Westover et al., 2017).
Inflammation, Infection, and Stroke Triggers
Chronic inflammation has emerged as an important contributor to stroke risk, with elevated inflammatory biomarkers associated with increased ischemic stroke incidence (Emerging Risk Factors C. Kaptoge et al.,2010; Ridker et al., 2017). Acute infections may act as short-term triggers for stroke, particularly in individuals with underlying vascular disease (Elkind et al., 2020). Hospitalization for infection has been associated with a transient increase in stroke risk, with the highest risk occurring in the weeks following infection (Elkind et al., 2020). Vaccination against influenza has been linked to a reduced incidence of stroke, supporting the role of infection-related inflammation in stroke pathogenesis (Modin et al., 2019).
Stroke risk arises from the cumulative and interactive effects of non-modifiable factors, such as age, sex, ethnicity, and genetics, as well as a wide range of modifiable medical and lifestyle-related determinants (Feigin et al., 2017). Among these, hypertension remains the most influential contributor, followed by diabetes, cardiac disease, smoking, dyslipidemia, and obesity (O’Donnell et al., 2016; WHO, 2019). Recognition of both long-term risk factors and short-term triggers provides a comprehensive framework for stroke prevention. (Elkind 2007) Effective population-based and individual-level interventions targeting modifiable risk factors offer the greatest potential to reduce the growing global burden of stroke (WHO, 2019; GBD 2021 Stroke Collaborators, 2023).


12. Pathogenesis of Stroke
Ischemic stroke accounts for the majority of stroke cases and primarily results from cerebral small vessel disease, cardioembolism, or large artery atherosclerosis (Donnan et al., 2008; Powers et al., 2019).
Cerebral small vessel disease affects deep perforating arteries and contributes substantially to ischemic stroke, spontaneous intracerebral hemorrhage, and vascular cognitive impairment or dementia (Wardlaw et al., 2019; Iadecola, 2013).
Cardioembolic stroke, most commonly associated with atrial fibrillation, is characterized by sudden vessel occlusion and carries a particularly high risk of severe neurological disability and mortality (Banerjee et al., 2018; Powers et al., 2019).
Large artery disease involves progressive atherosclerosis, plaque rupture, in situ thrombosis, and distal embolization, most frequently arising from the extracranial carotid arteries (Caplan, 2016; O’Donnell et al., 2016).
Intracerebral hemorrhage results from rupture of small cerebral vessels, most commonly related to hypertensive small vessel arteriopathy or cerebral amyloid angiopathy, leading to rapid neurological deterioration and high early mortality (Qureshi et al., 2009; Greenberg et al., 2022).


13. Ischemic Core and Penumbra
Acute ischemic stroke produces a central infarct core characterized by critically reduced cerebral blood flow and irreversible tissue injury (Lo et al.,2003).  The ischemic penumbra, a region of hypoperfused but possibly salvageable tissue sustained by residual and collateral blood flow, encircles this core. In the absence of prompt reperfusion, the infarct core gradually spreads into the penumbra. (Mansour 2023). Individual cerebrovascular reserve and collateral circulation have a significant impact on the penumbra's size and persistence. (Heiss & Graf, 1994).

14. Imaging-Based Assessment of Tissue Viability
Advanced neuroimaging techniques allow differentiation between irreversibly damaged core tissue and salvageable penumbra. Diffusion-weighted imaging detects early cytotoxic edema, while perfusion imaging identifies hypoperfused regions at risk. (Thomalla et al.,2011). The extent and reliability of collateral circulation, particularly through the Circle of Willis and leptomeningeal vessels, strongly influence imaging patterns and guide reperfusion therapy.

15 Stroke Localization by Vascular Territory 
Stroke localization is based on defined vascular territories and their associated neuroanatomical pathways, which together determine the pattern of neurological deficits observed clinically (Harrigan & Deveikis, 2013; Menshawi et al., 2015). Because the medial frontal lobes are involved, infarction in the anterior cerebral artery territory usually causes contralateral lower limb weakness, gait abnormalities, urine incontinence, and behavioral or executive dysfunction (Caplan, 2016; Banerjee et al., 2018). Because the middle cerebral artery supplies a large amount of cortical and subcortical territory, it frequently manifests as early facial and upper limb weakness, sensory loss, aphasia in dominant hemisphere involvement, or hemispatial neglect in non-dominant hemisphere lesions (Donnan et al., 2008; Murphy & Werring, 2020). Posterior cerebral artery infarction most often manifests as visual field defects, including homonymous hemianopia or cortical blindness, while vertebrobasilar strokes produce diverse brainstem and cerebellar signs such as diplopia, dysphagia, vertigo, ataxia, and altered consciousness (Banerjee et al., 2018; Caplan, 2016).

16. Discussion 
Stroke continues to represent a major global health burden, with ischemic stroke accounting for the majority of cases and contributing substantially to long-term disability and mortality worldwide (Feigin et al., 2017; GBD 2021 Stroke Collaborators, 2023). As highlighted in the Introduction, advances in acute stroke care have progressively shifted emphasis from rigid time-based thresholds to an integrated anatomy- and physiology-based understanding of cerebral perfusion and tissue viability (Powers et al., 2019; Liebeskind et al., 2019). In this context, the present review synthesizes current evidence on cerebrovascular anatomy, collateral circulation, and infarct dynamics to explain the marked variability in clinical presentation, progression, and outcome among patients with ischemic stroke (Maguida & Shuaib, 2023).
Cerebrovascular Anatomy as the Framework for Stroke Pathophysiology
The cerebral arterial system's division into anterior and posterior circulations provides the anatomical foundation for the development of ischemic injury (Menshawi et al., 2015; Harrigan & Deveikis, 2013). Although the Circle of Willis anatomically connects these circulations, its functional capacity is highly variable due to frequent asymmetry, hypoplasia, or incomplete arterial segments (Tanaka et al., 2006; Koroulakis & Agarwal, 2025). This anatomical variability helps explain why patients with similar large-vessel occlusions may experience strikingly different infarct sizes, clinical severities, and outcomes (Liebeskind, 2018).
The middle cerebral artery, despite not being a formal component of the Circle of Willis, is the most commonly involved vessel in ischemic stroke due to its large perfusion territory and direct continuation from the internal carotid artery (Caplan, 2016; Murphy & Werring, 2020). Consequently, occlusion of the MCA often produces early and profound neurological deficits. However, tissue survival within this territory depends critically on collateral pathways arising from both primary (Circle of Willis) and secondary (leptomeningeal) networks (Liebeskind et al., 2019; Maguida & Shuaib, 2023).
Collateral Circulation and the Core–Penumbra Paradigm
A key concept in modern stroke care is the differentiation between the infarct core and the ischemic penumbra (Astrup et al., 1981; Heiss & Rosner, 2017). The penumbra is made up of functionally compromised but possibly salvageable brain tissue sustained by residual or collateral blood flow, while the infarct core represents irreversibly damaged brain tissue subjected to severe and prolonged hypoperfusion (Heiss, 2012; Maguida & Shuaib, 2023). Collateral circulation is the primary factor that determines penumbral viability and infarct evolution, as this review emphasizes (Liebeskind, 2018).
Robust collateral flow delays infarct expansion, preserves cellular metabolism, and prolongs the therapeutic window for reperfusion therapies such as thrombolysis and mechanical thrombectomy (Liebeskind et al., 2019; Powers et al., 2019). In contrast, poor collateralization accelerates core growth and results in rapid neurological deterioration (Miteff et al., 2009; Maguida & Shuaib, 2023). This anatomical–physiological relationship underscores the importance of collateral assessment in acute stroke imaging and explains why time from symptom onset alone is an insufficient predictor of tissue fate and clinical outcome (Liebeskind, 2018).
Mechanistic Insights from Cardioembolic and Multi-Territorial Stroke
Cardioembolic stroke, particularly in the setting of atrial fibrillation, illustrates the interaction between systemic pathology and cerebral vascular anatomy (Hindricks et al., 2021; Kamel et al., 2020). Emboli originating from the heart frequently occlude large intracranial arteries and may fragment distally, producing multi-territorial ischemia (Caplan, 2016). Reports of simultaneous cerebral and peripheral arterial occlusions further emphasize the systemic nature of embolic disease and its potential to overwhelm collateral pathways (Sedgaryan et al., 2024).
Clinical observations from case reports demonstrate that embolic showers may compromise both intracranial and extracranial circulation, necessitating a multidisciplinary and anatomically informed management strategy (Sedgaryan et al., 2024; Harrigan & Deveikis, 2013). These findings reinforce a key theme of this review: cerebrovascular anatomy not only determines lesion localization but also influences therapeutic prioritization, procedural sequencing, and prognosis.
Stroke Localization and Clinical Correlation
Accurate stroke localization relies on detailed knowledge of vascular territories and their associated neuroanatomical functions (Caplan, 2016; Menshawi et al., 2015). Anterior circulation strokes typically present with contralateral motor and sensory deficits, aphasia with dominant hemisphere involvement, and visuospatial neglect in non-dominant hemisphere lesions (Murphy & Werring, 2020). Posterior circulation strokes often produce more heterogeneous and diagnostically challenging syndromes due to involvement of the brainstem, cerebellum, and occipital lobes (Banerjee et al., 2018).
Cerebral small vessel disease constitutes a distinct pathological entity, producing lacunar infarcts and contributing significantly to vascular cognitive impairment and gait dysfunction (Wardlaw et al., 2019). Recognition of these anatomical–clinical correlations is essential for etiological classification, prognostication, and implementation of targeted secondary prevention strategies (Wardlaw et al., 2019; Caplan, 2016).
Implications for Acute Intervention and Outcome
Advances in multimodal imaging have enabled real-time evaluation of vessel occlusion, infarct core size, ischemic penumbra, and collateral adequacy (Liebeskind et al., 2019). Mechanical thrombectomy has emerged as a cornerstone of treatment for large-vessel occlusion, particularly when imaging demonstrates preserved penumbral tissue supported by effective collateral circulation (Powers et al., 2019). Successful reperfusion, commonly assessed using thrombolysis in cerebral infarction (TICI) scores, is strongly associated with favorable neurological recovery and reduced disability (Goyal et al., 2016).
Clinical experiences discussed in this review illustrate that anatomical considerations—rather than rigid temporal thresholds alone—frequently guide therapeutic decision-making (Liebeskind, 2018). These observations underscore how cerebrovascular anatomy directly influences intervention success and long-term patient outcomes.
Broader Implications and Future Directions
When considered collectively, the data presented here lend credence to the initial premise that stroke is essentially an anatomical condition with physiological repercussions (Menshawi et al., 2015; Maguida & Shuaib, 2023). Infarct evolution and clinical trajectory are determined by changes in the Circle of Willis, collateral networks, and systemic vascular health (Tanaka et al., 2006; Koroulakis & Agarwal, 2025). Precision and equity in stroke care may be further improved by future studies that concentrate on collateral augmentation, customized anatomical risk profiling, and improved imaging biomarkers (Liebeskind et al., 2019; Maguida & Shuaib, 2023).
As a narrative review, this article may be subject to selection bias and does not provide quantitative synthesis; however, it enables comprehensive integration of anatomical, physiological, and clinical perspectives relevant to stroke.
As a narrative review, this article synthesizes existing literature without quantitative meta-analysis, which may limit formal assessment of effect size but allows comprehensive anatomical and clinical integration of stroke mechanisms.

17. Conclusion
Stroke is not merely a time-dependent neurological emergency but a condition fundamentally shaped by cerebrovascular anatomy and physiological reserve. As highlighted throughout this review, variations in the cerebral arterial system—particularly within the Circle of Willis and collateral networks—play a decisive role in determining infarct evolution, clinical presentation, and functional outcome.
The distinction between infarct core and ischemic penumbra provides a unifying framework linking vascular anatomy to modern therapeutic strategies. Adequate collateral circulation preserves penumbral tissue, delays irreversible injury, and extends the window for reperfusion therapies, whereas poor collateralization accelerates infarct progression and worsens prognosis. These principles explain the marked heterogeneity observed among patients with similar arterial occlusions and underscore why anatomical factors are as critical as time in acute stroke decision-making.
Advances in neuroimaging and endovascular techniques have translated anatomical knowledge into tangible clinical benefit, enabling individualized treatment based on vessel status, tissue viability, and collateral sufficiency. Large-vessel occlusion strokes, particularly those involving the middle cerebral artery, exemplify how anatomical considerations guide intervention, predict response to reperfusion, and influence recovery.
In summary, an integrated understanding of cerebrovascular anatomy, collateral circulation, and infarct dynamics is essential for accurate stroke localization, etiological classification, and optimal management. Future research focusing on collateral enhancement, personalized anatomical assessment, and physiology-guided therapy has the potential to further refine stroke care and improve outcomes. This anatomy-centered perspective reinforces the enduring relevance of classical neuroanatomy in contemporary stroke medicine.
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