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1  |  INTRODUC TION

The circle of Willis (CoW) is an anastomotic arterial net-
work located on the base of the brain. It functions to prevent 

cerebral and cerebellar ischaemia by maintaining tissue perfu-
sion given an impaired or decreased blood flow through one or 
more of its component vessels (Hartkamp et al., 1999; Kapoor 
et al., 2008).
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Abstract
The circle of Willis (CoW) is an anastomotic arterial network located on the base of 
the brain. Studies have shown that it demonstrates considerable anatomical varia-
tion in humans. This systematic review aimed to identify and catalogue the described 
anatomical variations of the CoW in humans to create a new, comprehensive varia-
tion classification system. An electronic literature search of five databases identified 
5899 studies. A two- phase screening process was performed, and studies underwent 
quality assessment. A total of 42 studies were included in the review. Data were ex-
tracted and circles were reconstructed digitally using graphics software. The clas-
sification system contains 82 CoW variations in five continuous groups. Group one 
contains 24 circles with one or more hypoplastic segments only. Group two contains 
11 circles with one or more absent segments only. Group three contains 6 circles with 
hypoplastic and absent segments only. Group four contains 26 circles with one or 
more accessory segments. Group five contains 15 circles with other types of anatomi-
cal variation. Within each group, circles were subcategorised according to the number 
or type of segments affected. An original coding system was created to simplify the 
description of anatomical variations of the CoW. The new classification system pro-
vides a comprehensive ontology of the described anatomical variations of the CoW in 
humans. When used with the coding system, it allows the description and categorisa-
tion of recorded and unrecorded variants identified in past and future studies. It is 
applicable to current clinical practice and the anatomical community, including human 
anatomy education and research.
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The CoW is divided into two sections. The anterior com-
municating artery (AComA) and A1 segments of the anterior 
cerebral arteries (A1) form the anterior half of the circle (Gray, 
2016; Moore et al., 2014). The posterior communicating arter-
ies (PComA) and P1 segments of the posterior cerebral arter-
ies (P1) form the posterior half of the circle (Gray, 2016; Moore 
et al., 2014). The arteries create a symmetrical polygonal- shaped 
connection between the internal carotid and vertebrobasilar 
systems.

Four criteria are classically used to define ‘normal’ (non- variant) 
anatomy of the CoW: (1) all segments (AComA, A1s, PComAs and 
P1s) are present (De Silva et al., 2011; Eftekhar et al., 2006; Kapoor 
et al., 2008; Klimek- Piotrowska et al., 2015; Vasović et al., 2013), (2) 
all segments arise from their natural origins (De Silva et al., 2011; 
Kapoor et al., 2008; Klimek- Piotrowska et al., 2015), (3) no acces-
sory arteries are present (De Silva et al., 2011; Kapoor et al., 2008; 
Klimek- Piotrowska et al., 2015; Vasović et al., 2013), and (4) all seg-
ments have an external diameter of >1 mm (De Silva et al., 2011; 
Kapoor et al., 2008; Klimek- Piotrowska et al., 2013, 2015; Vasović 
et al., 2013).

The prevalence of anatomical variation of the CoW in the neuro-
logically healthy human population is estimated to be 68.22 ± 14.32% 
(Jones et al., 2020). For this review, anatomical variation was defined 
using two criteria: (1) the variation is embryologically derived, and (2) 
the variation does not demonstrate the potential to directly prog-
ress to a pathological consequence. Commonly recorded variation 
types include hypoplasia (Cilliers et al., 2018; De Silva et al., 2011; 
Eftekhar et al., 2006), absence (Hafez et al., 2007; Klimek- Piotrowska 
et al., 2013; Li et al., 2020), and duplication (Iqbal, 2013; Klimek- 
Piotrowska et al., 2015). The most common variant segment is the 
posterior communicating artery (Eftekhar et al., 2006; Hindenes 
et al., 2020; Klimek- Piotrowska et al., 2015).

An awareness of the anatomical variations of the CoW is import-
ant for clinical practice (Jones et al., 2020; Raikos & Smith, 2015). 
Circle variation is associated with an increased risk of a number of 
cerebrovascular diseases (Henry et al., 2015; Oumer et al., 2021; 
Ryan et al., 2015; Stojanović et al., 2019), and affects patient re-
sponse to therapeutic intervention (Leng et al., 2016; Wufuer et al., 
2017). It has implications for preoperative planning and is import-
ant in selecting the most appropriate method of cerebral protection 
(Papantchev et al., 2013). Anatomical variation influences a range 
of intraoperative factors which determine patient outcome and in-
creases the risk of misinterpretation and surgical error. Despite this, 
there is lack of consensus in the literature on a system that compre-
hensively documents and classifies such variations.

Three classification systems are commonly used to categorise 
anatomical variations of the CoW in humans. The Riggs classifica-
tion system (Riggs & Rupp, 1963) contains 21 variations. Circle order 
in this classification has no relation to anatomy, only segment hy-
poplasia is included, and complete anatomical descriptions are not 
provided. No single diagram of the included circles is available. In 
contrast, the Lazorthes classification system (Lazorthes et al., 1979) 
contains 22 variations. Here, only segment hypoplasia is included, 

and circle order has no relation to anatomy. The illustration of 
segment hypoplasia is inconsistent, creating ambiguity regarding 
the anatomy of variation numbers five, seven, eight, 13 and 17 
(Lazorthes et al., 1979). Finally, the Krabbe- Hartkamp classifica-
tion system (Krabbe- Hartkamp et al., 1998) contains 18 variations. 
Complete circle anatomy is not shown, and artery hypoplasia and 
absence are not differentiated.

Four studies (De Silva et al., 2011; Eftekhar et al., 2006; 
Klimek- Piotrowska et al., 2015; Vasović et al., 2013) assert that 
Riggs (Riggs & Rupp, 1963) and Lazorthes (Lazorthes et al., 1979) 
describe, and include in their classification systems, a variant circle 
with a hypoplastic AComA, a unilateral hypoplastic A1 and an ipsi-
lateral hypoplastic PComA. However, both classification systems 
(Lazorthes et al., 1979; Riggs & Rupp, 1963) contain a circle with 
a unilateral hypoplastic A1 and an ipsilateral hypoplastic PComA 
without a hypoplastic AComA. As such, Riggs (Riggs & Rupp, 1963) 
and Lazorthes (Lazorthes et al., 1979) classification systems have 
been incorrectly used throughout the literature. Interestingly, no 
study in this review, nor those aforementioned, has recorded a 
circle with a hypoplastic AComA, a unilateral hypoplastic A1 and 
an ipsilateral hypoplastic PComA. In view of this lack of consen-
sus in the literature, a recent review (Jones et al., 2020) on the 
prevalence of anatomical variation of the CoW recommended the 
development of a new, comprehensive classification system.

This article, therefore, presents a systematic review of published 
empirical research on anatomical variation of the CoW in humans, 
performed with the following aims: (1) to identify and catalogue the 
described anatomical variations of the CoW in humans, and (2) to 
characterise the described variants to produce a new, comprehen-
sive classification system.

2  |  METHODS

The review was conducted according to the recommendations set 
out in the Preferred Reporting Items for Systematic Reviews and 
Meta- Analyses (PRISMA) statement (Shamseer et al., 2015).

A systematic search of the published peer- reviewed literature 
was conducted on the Ovid Medline (1946 to May 27, 2020), Ovid 
Embase (1974 to May 27, 2020), Web of Science Core Collection (all 
years 1900– 2020), Scopus and The Cochrane Library databases on 
27 May 2020. The search strategy was made up of two sections. 
The first section contained alternative terms for ‘circle of Willis’ and 
its component arteries. The second section contained synonyms of 
the term ‘variation’ used in anatomical description. The strategy was 
adapted to each database to increase search sensitivity (Table 1). No 
limitations on language or publication format were applied.

2.1  |  Screening process

Following deduplication, studies underwent a two- phase screening 
process against inclusion and exclusion criteria (Table 2). In phase one, 
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titles and abstracts were screened against criteria In1, In5, and Ex1- 5. 
Criteria In2, 3, 4 and 6 were not applied as titles and abstracts pro-
vided insufficient evidence to inform decisions on their fulfilment. For 
studies meeting all inclusion criteria and no exclusion criteria, full texts 
were sought, and English translations obtained when freely available.

In phase two, full texts were screened against all inclusion and 
exclusion criteria. To meet criterion In2, studies were required to 

describe or illustrate the anatomy of the AComA, A1 segments, 
PComAs and P1 segments of the variant circle. To meet criterion 
In4, studies were required to describe or illustrate the type of 
variation identified. Angiographic studies which did not differen-
tiate between artery hypoplasia and absence were excluded. This 
included the Krabbe- Hartkamp classification (Krabbe- Hartkamp 
et al., 1998). Studies meeting one or more exclusion criteria were 

TA B L E  1  The search strategies

Database Search strategy

Ovid Medline (1946 to May 27, 2020) (exp “Circle of Willis”/OR circle of Willis OR cerebral arterial circle OR circulus arteriosus cerebri 
OR circulus arteriosus Willis* OR circulus Willis* OR Willis* circle OR Willis* polygon OR exp 
Anterior Cerebral Artery/OR anterior cerebral arter* OR arteria cerebri anterior OR exp PCA/OR 
posterior cerebral arter* OR arteria cerebri posterior OR anterior communicating arter* OR arteria 
communicans anterior OR posterior communicating arter* OR arteria communicans posterior)

AND
(exp Anatomic Variation/OR varia* OR anomal* OR abnormal* OR atypical OR incomplete OR unusual)

Ovid Embase (1974 to May 27, 2020) (exp brain circulus arteriosus/OR circle of Willis OR cerebral arterial circle OR circulus arteriosus cerebri 
OR circulus arteriosus Willis* OR circulus Willis* OR Willis* polygon OR Willis* circle OR exp anterior 
cerebral artery/ OR anterior cerebral arter* OR arteria cerebri anterior OR exp PCA/OR posterior 
cerebral arter* OR arteria cerebri posterior OR exp anterior communicating artery/ OR anterior 
communicating arter* OR arteria communicans anterior OR exp posterior communicating artery/OR 
posterior communicating arter* OR arteria communicans posterior)

AND
(exp anatomic variation/OR varia* OR anomal* OR abnormal* OR atypical OR incomplete OR unusual)

Web of Science Core Collection (all 
years 1900– 2020)

(TS = (“circle of Willis” OR “cerebral arterial circle” OR “circulus arteriosus cerebri” OR “circulus arteriosus 
Willis*” OR “circulus Willis*” OR “Willis* polygon” OR “Willis* circle” OR “anterior cerebral arter*” OR 
“arteria cerebri anterior” OR “posterior cerebral arter*” OR “arteria cerebri posterior” OR “anterior 
communicating arter*” OR “arteria communicans anterior” OR “posterior communicating arter*”))

AND
(TS = (“varia*” OR “abnormal*” OR “anomal*” OR “atypical” OR “incomplete” OR “unusual”))

Scopus (TITLE- ABS- KEY(“circle of Willis” OR “cerebral arterial circle” OR “circulus arteriosus cerebri” OR 
“circulus arteriosus Willis*” OR “circulus Willis*” OR “Willis* polygon” OR “Willis* circle” OR “anterior 
cerebral arter*” OR “arteria cerebri anterior” OR “posterior cerebral arter*” OR “arteria cerebri 
posterior” OR “anterior communicating arter*” OR “arteria communicans anterior” OR “posterior 
communicating arter*” OR “arteria communicans posterior”))

AND
(TITLE- ABS- KEY(“varia*” OR “abnormal*” OR “anomal*” OR “atypical” OR “incomplete” OR “unusual”))

The Cochrane Library (exp Circle of Willis/ OR circle of Willis OR cerebral arterial circle OR circulus arteriosus Willis* OR 
circulus Willis* OR Willis* circle OR exp Anterior Cerebral Artery/OR anterior cerebral arter* OR 
arteria cerebri anterior OR exp PCA/OR posterior cerebral arter* OR anterior communicating arter* 
OR posterior communicating arter*)

AND
(exp Anatomic Variation/OR varia* OR anomal* OR abnormal* OR atypical OR incomplete OR unusual)

TA B L E  2  The inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

-  In1. The title or abstract mention an anatomical variation of the 
CoW

-  In2. The anatomy of the CoW is described or illustrated in its 
entirety

-  In3. Any intracerebral arterial variation is exclusive to the AComA, 
A1s, PComAs and/or P1s

-  In4. The anatomical descriptions and/or illustrations are clear and 
specific

-  In5. The study is primary research
-  In6. The study is available in the English language

-  Ex1. The study exclusively:
• Ex1a. Identifies a variant anatomical course of one or more arteries 

of the CoW
• Ex1b. Investigates the haemodynamics of one or more arteries of a 

variant CoW
• Ex1c. Investigates the calibre of one or more arteries of the CoW

-  Ex2. A foetal study population without a non- foetal human control
-  Ex3. A non- human study population without a non- foetal human control
-  Ex4. The study uses cerebral vascular models
-  Ex5. The study is published as a conference abstract
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removed, while studies with one or more circles meeting all inclu-
sion criteria were included in the review. Two independent review-
ers screened two random samples of 15 studies using the inclusion 
and exclusion criteria. No difference to the original study selection 
was found.

2.2  |  Data extraction

Data were extracted on the background of the study (first author 
and publication year), its characteristics (location, design, popula-
tion, modality, and definition of hypoplasia), and its description of 

variant circles (variant segment(s), variation type(s), position of the 
variation, and the number of different variant circles).

2.3  |  Quality assessment

A bespoke quality assessment tool was created, adapting the modi-
fied Anatomical Quality Assessment Tool (Henry et al., 2017) and 
Critical Appraisal Skills Programme Checklist for Case- Control and 
Cohort Studies (Critical Appraisal Skills Programme, 2018a, 2018b) 
criteria. Case- control, cohort and cross- sectional studies underwent 
quality assessment. Case studies and case series were not assessed 

F I G U R E  1  A flow diagram summarising the study selection process
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as the tool was incompatible with the study types. The quality as-
sessment tool is shown in Table S1.

Seven study domains were scored: clearly defined and fo-
cused aim(s), appropriate study design, representative population 
characteristics, reproducible methodology, clarity of descriptive 
anatomy, accuracy in reporting of results, and acknowledge-
ment of limitations. A quality threshold score was subjectively 
determined. Studies scoring ≥14 out of 25 were considered high 
quality, while studies scoring <14 out of 25 were considered low 
quality. Studies were not excluded from the review on the basis 
of quality score.

2.4  |  Data synthesis

The circles were reconstructed digitally using Paint 3D 
(Microsoft Corporation, 6.2003.4017.0). A1 and P1 segments 
were drawn using the 4- point curve tool at 11 px (pixel). The 
AComA and PComAs were drawn using the 2- point line tool at 
7 px. Internal carotid and middle cerebral arteries, drawn using 
the 2- point line tool at 18 px, were included for anatomical com-
pleteness. Artery hypoplasia was shown by line width conver-
sion to 1 px.

The left- right orientation of variant segments is rarely reported 
within the literature. For standardisation, the most anterior variation 
was drawn on the right side of the circle.

The circles were grouped according to variation type. Within 
each group, circles were subcategorised according to the number or 
type of variant segment. A coding system was created to simplify 
anatomical description of the circles.

3  |  RESULTS

A summary of the study selection process is shown in Figure 1. 
The search identified 14,437 studies. After removal of 8538 du-
plicates, 5899 studies underwent title and abstract screening, 
of which 5375 did not meet the assessed criteria. Of the result-
ing 524 studies, 29 full texts were unobtainable. The remaining 
495 studies underwent full- text screening. A total of 42 studies 
were included in the review.

3.1  |  Study characteristics and results

A summary of the study characteristics and results is shown in 
Table 3. Studies were published between 1903 and 2020. Five dif-
ferent study designs were used: cross- sectional (n = 19), case report 
(n = 17), case- control (n = 2), case series (n = 2) and prospective 
cohort (n = 2). The study locations spanned Asia (n = 15), Europe 
(n = 14), North America (n = 9), Africa (n = 3) and South America 
(n = 1). A range of investigative modalities were used: cadaveric dis-
section (n = 22), computed tomography angiography (n = 4), digital 

subtraction angiography (n = 3) and magnetic resonance angiogra-
phy with or without 3D time- of- flight capability (n = 15). Three stud-
ies used two investigative modalities and one study used cerebral 
cast angiography.

Artery hypoplasia was defined as a diameter <1 mm in 13 stud-
ies. 28 studies did not provide a definition, of which 17 identified 
a circle with one or more hypoplastic arteries. One study defined 
AComA and PComA hypoplasia as a diameter <0.5 mm. Of the 199 
extracted variants, 117 were duplicates. A total of 82 distinct varia-
tions of the CoW were recorded.

3.2  |  Quality assessment results

Excluding case reports and case series, 23 studies underwent 
quality assessment. Cross- sectional, case- control and prospec-
tive cohort studies were reviewed using the quality assessment 
tool. Thirteen studies were considered high quality, scoring ≥14 
out of 25. Ten studies were considered low quality, scoring <14 
out of 25. Individual quality assessment scores are shown in 
Table 3.

3.3  |  Variation coding system

A coding system was created to simplify anatomical description of 
variations of the CoW. Symbols, used to abbreviate anatomical de-
scriptors, were inserted into relevant sections of an original formula to 
generate a descriptive code. The symbols are listed in Table 4.

The coding formula and two examples are shown in Figure 2. 
Each unit of the code is made up of three sections and describes the 
anatomy of one artery in a variant circle. Section one represents the 
anatomical relationship of the variant artery within the circle. This 
section was not required when describing the AComA or single uni-
lateral variations. Section two identifies the variant artery and section 
three represents the type of anatomical variation present. Section 
one and three were written in superscript for ease of identification.

Units were connected by hyphenation to describe the anatomy 
of a circle with multiple variations. In this case, units were ordered 
according to the anterior- to- posterior location of the coded arteries.

3.4  |  Classification system

The 82 distinct anatomical variations of the CoW extracted from 
the included studies fall into five continuous groups, which form 
the core of the new classification system as described below. As a 
comparison, Figure 3 shows the classically described anatomy of the 
CoW.

Group one contains 24 circles with one or more hypoplastic seg-
ments only (Figure 4; Table 5). Circles with one (n = 4), two (n = 10), 
three (n = 8), five (n = 1) and six (n = 1) hypoplastic segments are 
included. No circle with four hypoplastic segments was recorded.



1192  |    AYRE Et Al.

TA B L E  3  A table showing the characteristics and results of studies included in the review

Study 
code Study

Study 
location

Study design 
(study 
population [n]) Study modality

Definition of artery 
hypoplasia

Distinct 
variants 
(n)

Quality 
assessment 
score (n/25)

S1 Al- Hussain et al. (2001) Jordan CSS (50) CD <1 mm 4 11

S2 Benson et al. (1986) Canada CR (1) CD N/A 1 N/A

S3 Cilliers et al. (2018) South Africa CSS (59) CD <1 mm 10 15

S4 De Silva et al. (2011) Sri Lanka CSS (225) CD <1 mm 15 18

S5 Ding et al. (2019) China CR (1) CD N/A 1 N/A

S6 Drummond et al. (2006) USA CR (1) TOF MRA N/A 1 N/A

S7 Drummond et al. (2012) USA CR (1) TOF MRA N/A 1 N/A

S8 Eftekhar et al. (2006) Iran CSS (102)a CD <1 mm 10 15

S9 Giglio et al. (2010) Italy CR (1) MRA N/A 1 N/A

S10 Gurdal et al. (2004) Turkey CR (2) CD N/A 2 N/A

S11 Hafez et al. (2007) Egypt CSS (130) 3D TOF MRA and 
CD

<1 mm 7 11

S12 Hashemi et al. (2013) Iran CSS (200) CD <1 mm 9 12

S13 He et al. (2016) China PCS (102) CTA <1 mm 1 15

S14 Howe (1903) USA CR (1) CD N/A 1 N/A

S15 Howie (1959) USA CCS (256) CD N/A 10 4

S16 Ibrahim et al. (2017) Sudan CCS (146) 3D TOF MRA N/A 5 10

S17 Iqbal (2013) India CSS (50) CD <1 mm (AComA 
and PComA 
<0.5 mm)

5 13

S18 Jensen et al. (2017) USA CR (1) DSA N/A 1 N/A

S19 Karatas et al. (2016) Turkey CSS (100) CD N/A 2 14

S20 Klimek- Piotrowska et al. 
(2013)

Poland CSS (250) CTA N/A 3 14

S21 Klimek- Piotrowska et al. 
(2015)

Poland CSS (100) CD <1 mm 30 17

S22 Li et al. (2020) China CSS (819) 3D TOF MRA and 
DSA

<1 mm 7 16

S23 Loh and Sharma (2010) Singapore CR (1) TOF MRA N/A 1 N/A

S24 Malamateniou et al. (2009) UK CSS (103) 3D TOF MRA N/A 3 18

S25 Manninen et al. (2009) Finland CSS (92) Cerebral cast 
angiography

N/A 1 19

S26 Matsuda et al. (2017) Japan CR (1) MRA N/A 1 N/A

S27 McCullough (1962) USA CS (77) CD N/A 4 N/A

S28 Ozturk et al. (2008) Turkey CR (1) CD N/A 1 N/A

S29 Papantchev et al. (2007) Bulgaria CSS (112) CD <1 mm 3 12

S30 Papantchev et al. (2013) Bulgaria CSS (500) CD and CTA <1 mm 6 16

S31 Riggs and Rupp (1963) USA CSS (994) CD N/A 20 7

S32 Sabau et al. (2012) Romania CR (1) 3D TOF MRA N/A 1 N/A

S33 Saikia et al. (2014) India CSS (70) TOF MRA <1 mm 2 14

S34 Saphir (1935) USA CR (3) CD N/A 3 N/A

S35 Sonobe et al. (2019) Japan CR (1) MRA N/A 1 N/A

S36 Sonobe et al. (2020) Japan CR (1) MRA N/A 1 N/A

S37 Stefani et al. (2013) Brazil CSS (30) MRA N/A 4 14

S38 Tripathi et al. (2003) India CR (1) DSA N/A 1 N/A

S39 Uchino et al. (2015) Japan CR (2) 3D TOF MRA N/A 2 N/A
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Group two contains 11 circles with one or more absent seg-
ments only (Figure 5; Table 6). Circles with one (n = 4), two 
(n = 3), three (n = 3) and four (n = 1) absent segments were 
recorded.

Group three contains six circles with hypoplastic and absent seg-
ments only (Figure 6; Table 7). Three circles with one hypoplastic 
and one absent segment were recorded. Circle 39 had one hypoplas-
tic and two absent segments. Circles 40 and 41 had one absent and 
two hypoplastic segments.

Group four contains 26 circles with accessory segments (Figure 7; 
Table 8). Circles with one or more accessory AComA (n = 11), ante-
rior cerebral artery (ACA) (n = 8), A1 (n = 3), P1 (n = 3), posterior ce-
rebral artery (PCA) (n = 2) and PComA (n = 1) were recorded. Circles 
48, 49 and 61 showed a hypoplastic accessory segment, and circles 
66 and 67 showed duplication of multiple segments.

Group five contains 15 circles with other types of anatomical vari-
ation (Figure 8; Table 9). Circles with a variant AComA (n = 3), variant 
ACA union (n = 4), segment fenestration (n = 6) and segment elon-
gation (n = 2) were recorded. The description of circle 70 as ‘trident- 
shaped AComA’ is original to this review.

4  |  DISCUSSION

The new classification system we have proposed in Section 3.4 has 
several advantages. Containing more distinct variations and types 
(groups) of variation than previously established systems, it demon-
strates a greater potential for the categorisation of circles identified 
in future studies. Grouping of circles allows users to select a varia-
tion type, while group subcategorisation allows users to methodi-
cally identify and categorise specific structures. The grouping of 
circles according to anatomy is not a feature of previously estab-
lished systems, and it allows original circles to be categorised along-
side similar variants. Overall, the new classification system provides 
a more comprehensive summary of the anatomical variations of the 
CoW in humans, increasing the simplicity, flexibility, and efficiency 
of cataloguing, and improving the accuracy of CoW ontology.

Circles included in the classification system are shown in three for-
mats. The figures provide an accessible, visual guide to the classification 
system, and their standardised design creates illustrative consistency 
between the groups. The circles were reconstructed digitally to reduce 
the risk of misinterpretation. The tables provide a complete, stan-
dardised anatomical description of each circle, and should be reviewed 
in combination with the relevant figure. The coding system provides a 
simple, abbreviated description of the anatomy of each variation.

TA B L E  3  (Continued)

Study 
code Study

Study 
location

Study design 
(study 
population [n]) Study modality

Definition of artery 
hypoplasia

Distinct 
variants 
(n)

Quality 
assessment 
score (n/25)

S40 Urbanski et al. (2008) Germany PCS (99) CTA N/A 4 12

S41 Vasović et al. (2010) Serbia CS (4) CD N/A 2 N/A

S42 Vasović et al. (2013) Serbia CSS (333) CD <1 mm 11 11

Abbreviations: CCS, case- control study; CD, cadaveric dissection; CR, case report; CS, case series; CSS, cross- sectional study; CTA, computed 
tomography angiography; DSA, digital subtraction angiography; ICoA, intermediate communicating artery; MRA, magnetic resonance angiography; 
N/A, not available; P1c, P1 segment of carotid origin; PCS, prospective cohort study; TOF, time- of- flight.
aResults of only 92 out of 102 participants were recorded.

TA B L E  4  A table showing the anatomical descriptors and their 
symbols

Descriptor Symbol

Section one (anatomical relationship)

Bilateral B

Ipsilateral I

Contralateral C

Section two (artery)

Anterior communicating artery ACOMA

Anterior cerebral artery ACA

A1 segment A1

A2 segment A2

A1/A2 junction A1/A2

Posterior communicating artery PCOMA

Posterior cerebral artery PCA

P1 segment P1

P2 segment P2

Intermediate communicating artery ICOA

P1 segment of carotid origin P1C

Section three (variation type)

Absent A

Azygous Az

Duplicated D

Elongated E

Fenestrated F

Hypoplastic H

Plexiform P

Triplicated T

Triplicated (medial) Tm

Triplicated (lateral) Tl

Trident- shaped Ts

V- shaped Vs

X- shaped Xs
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The coding system allows the description of recorded circles 
from past and future studies, and its design permits future descrip-
tion of novel variations. It has a capacity for new symbols, enabling 
the description of circles from future studies identifying exceptional 
anatomical findings. Use of the coding system reduces the need for 
complicated and error- prone written descriptions.

4.1  |  Clinical application

Circle variation has implications for clinical practice. It is associ-
ated with an increased risk of ischaemic stroke (Oumer et al., 2021; 

van Seeters et al., 2015), aneurysm rupture (Lazzaro et al., 2012; 
Stojanović et al., 2019), white matter disease (Chuang et al., 2011; 
Ryan et al., 2015) and migraine (Henry et al., 2015). It is also associ-
ated with an increased risk of vasospasm post- subarachnoid haemor-
rhage (Jacquens et al., 2020). The classification system may therefore 
be used to identify patients at risk of disease and employ targeted pre-
ventative therapies. In addition, a good collateral circulation predicts 
favourable outcomes in patients with acute ischaemic stroke receiving 
reperfusion therapies (Leng et al., 2016; Wufuer et al., 2017). With 
anatomy being a factor in determining patient outcome, the classifica-
tion system may have a role in guiding therapeutic decision- making.

Circle variation has implications for preoperative planning. 
Variation predisposes one- sixth of patients to cerebral ischaemia 
during carotid artery closure (Manninen et al., 2009) and may im-
pair the protective effects of unilateral selective cerebral perfusion 
(Papantchev et al., 2013). In such cases, protective effects may be 
maintained through the use of bilateral selective cerebral perfu-
sion (Papantchev et al., 2013). An awareness of circle variation is 
therefore fundamental in selecting the most appropriate method of 
cerebral protection. Recognition of the classification system, partic-
ularly groups two and three, in the preoperative stage may reduce 
the risk of cerebral ischaemia and prevent neurological sequelae. 
Yet function is not determined by anatomy alone. With physiolog-
ical manipulation, only 1 in 15 patients may need shunting during 
carotid endarterectomy (Musicki et al., 2017). Adequate cerebral 
cross- perfusion may therefore be maintained when both anatomical 
and physiological factors are considered.

Circle variation has intraoperative implications. Unusual anatomy 
is the leading patient- related factor contributing to technical error in 

F I G U R E  2  The coding formula and two examples

F I G U R E  3  A labelled diagram showing the normal anatomy of 
the CoW
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F I G U R E  4  Group one of the classification system containing circles with one or more hypoplastic segments only
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surgery (Regenbogen et al., 2007), and intraoperative vessel damage 
is a common factor in successful litigation claims (Markides et al., 
2008). Variation, particularly hypoplasia and duplication, may affect 
surgical approach, surgical difficulty, aneurysm exposure, accuracy 

of endovascular coil or aneurysm clip placement, and postoperative 
complications. An awareness of circle variation, and the classifica-
tion system, is therefore important in reducing surgical error, and 
improving patient safety and clinical outcome.

TA B L E  5  A table of the circles in group one of the classification system

Circle number Description of the variant circle Variation code Study code(s)

One hypoplastic segment

1 Hypoplastic AComA ACOMAH S3, S4, S12, S21, S30, S31, S42

2 Unilateral hypoplastic A1 A1H S3, S4, S12, S15, S19, S22, S29, 
S30, S31, S40

3 Unilateral hypoplastic PComA PCOMAH S2, S3, S4, S8, S12, S16, S21, 
S22, S29, S31, S37, S42

4 Unilateral hypoplastic P1 P1H S3, S4, S8, S15, S21, S22, S30, 
S31, S37, S42

Two hypoplastic segments

5 Hypoplastic AComA and unilateral hypoplastic PComA ACOMAH— PCOMAH S3, S4, S8, S12, S21, S29, S30, 
S31, S42

6 Hypoplastic AComA and unilateral hypoplastic P1 ACOMAH— P1H S4, S8, S31, S42

7 Unilateral hypoplastic A1 and ipsilateral hypoplastic 
PComA

A1H— IPCOMAH S3, S31

8 Unilateral hypoplastic A1 and contralateral hypoplastic 
PComA

A1H— CPCOMAH S4, S31

9 Unilateral hypoplastic A1 and ipsilateral hypoplastic P1 A1H— IP1H S4, S8, S15, S21, S31

10 Unilateral hypoplastic A1 and contralateral hypoplastic P1 A1H— CP1H S30, S31

11 Bilateral hypoplastic PComAs BPCOMAH S3, S4, S8, S12, S16, S21, S31, 
S34, S37, S42

12 Unilateral hypoplastic PComA and contralateral 
hypoplastic P1

PCOMAH— CP1H S4, S8, S21, S31, S42

13 Bilateral hypoplastic P1s BP1H S4, S15, S31, S37, S42

14 Unilateral hypoplastic P1 and P2 P1H— IP1H S15

Three hypoplastic segments

15 Hypoplastic AComA and bilateral hypoplastic PComAs ACOMAH— BPCOMAH S3, S4, S8, S12, S17, S19, S21, 
S31, S42

16 Hypoplastic AComA, unilateral hypoplastic PComA and 
contralateral hypoplastic P1

ACOMAH— PCOMAH— CP1H S8, S31, S42

17 Hypoplastic AComA and bilateral hypoplastic P1s ACOMAH— BP1H S4, S31

18 Unilateral hypoplastic A1 and bilateral hypoplastic 
PComAs

A1H— BPCOMAH S1, S4, S31

19 Unilateral hypoplastic A1, ipsilateral hypoplastic PComA 
and contralateral hypoplastic P1

A1H— IPCOMAH— CP1H S31

20 Unilateral hypoplastic A1, contralateral hypoplastic 
PComA and ipsilateral hypoplastic P1

A1H— CPCOMAH— IP1H S3, S31

21 Unilateral hypoplastic A1 and bilateral hypoplastic P1s A1H— BP1H S4, S15, S24, S31

22 Bilateral hypoplastic PComAs and unilateral hypoplastic 
P1

BPCOMAH— P1H S3

Five hypoplastic segments

23 Hypoplastic AComA, bilateral hypoplastic PComAs and 
unilateral hypoplastic P1 and P2

ACOMAH— BPCOMAH— P1H— 
IP2H

S8

Six hypoplastic segments

24 Hypoplastic AComA, bilateral hypoplastic A1s and A2s 
and unilateral hypoplastic PComA

ACOMAH— BA1H— BA2H— 
PCOMAH

S27
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F I G U R E  5  Group two of the classification system containing circles with one or more absent segments only

TA B L E  6  A table of the circles in group two of the classification system

Circle number Description of the variant circle Variation code Study code(s)

One absent segment

25 Absent AComA ACOMAA S11, S20, S22

26 Unilateral absent A1 A1A S22, S27, S33

27 Unilateral absent PComA PCOMAA S1, S11, S12, S16, S21, S27, S30

28 Unilateral absent P1 P1A S9, S12, S22

Two absent segments

29 Absent AComA and unilateral absent PComA ACOMAA— PCOMAA S7

30 Unilateral absent A1 and ipsilateral absent PComA A1A— IPCOMAA S40

31 Bilateral absent PComAs BPCOMAA S1, S12, S16, S20, S21, S22, S24, S27, S40

Three absent segments

32 Absent AComA and bilateral absent PComAs ACOMAA— BPCOMAA S11, S20, S25

33 Unilateral absent A1 and bilateral absent PComAs A1A— BPCOMAA S36

34 Unilateral absent A1 and bilateral absent P1s A1A— BP1A S24

Four absent segments

35 Bilateral absent PComAs and unilateral absent P1 
and P2

BPCOMAA— P1A— IP2A S21
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It is important that healthcare professionals use a common lan-
guage. Unsystematic, and often extensive, descriptions are used to 
report the anatomy of variant circles. This increases the risk of mis-
interpretation and interventional error. As such, the coding system 
may be used in clinical practice. It provides healthcare professionals 
with a simple method for describing the anatomy of circles identified 
in patients. It is of relevance to neurosurgery, radiology, and inter-
ventional neuroradiology. A standardised description would reduce 
the risk of error, improving patient outcomes. It would also enable 
direct communication of circle anatomy between healthcare profes-
sionals, hospitals, trusts, and healthcare systems.

4.2  |  Educational application

The classification system may be used in postgraduate anatomical 
education. A significant proportion of surgical and radiology training 

curricula include anatomical variation, yet over half do not suggest 
specific variation classification systems for trainees to use (Raikos 
& Smith, 2015). With 21.4% of experienced clinicians encountering 
anatomical variation daily (Raikos & Smith, 2015), an understanding of 
variation in humans is important for patient presentation, examination, 
investigation, and surgical management. The classification system is 
the most comprehensive summary of anatomical variation of the CoW 
in humans. As such, it may function as a learning and reference tool.

It may also be used in undergraduate anatomical education. Early ex-
posure to human variation in medical courses is recommended, and stu-
dents should have the opportunity to discuss the significance of variation 
with experienced tutors (Willan & Humpherson, 1999). The classification 
system provides students undertaking theoretical and practical learning 
with a concise, visual summary of variation of an important anatomical 
structure. It may be used within problem- based learning to stimulate 
discussion surrounding the clinical significance of anatomical variation in 
humans.

F I G U R E  6  Group three of the classification system containing circles with hypoplastic and absent segments only

TA B L E  7  A table of the circles in group three of the classification system

Circle number Description of the variant circle Variation code Study code(s)

Two variant segments

36 Unilateral absent A1 and contralateral hypoplastic P1 A1A— CP1H S13

37 Unilateral hypoplastic PComA and contralateral absent PComA PCOMAH— CPCOMAA S16, S21, S34

38 Unilateral absent PComA and contralateral hypoplastic P1 PCOMAA— CP1H S11, S34

Three variant segments

39 Hypoplastic AComA and bilateral absent PComAs ACOMAH— BPCOMAA S6

40 Absent AComA and bilateral hypoplastic PComAs ACOMAA— BPCOMAH S14

41 Unilateral absent A1 and bilateral hypoplastic P1s A1A— BP1H S35, S40
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F I G U R E  7  Group four of the classification system containing circles with one or more accessory segments
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4.3  |  Future directions

Group one (22 out of 24) and three (4 out of 6) circles were most 
recorded in studies conducted in North America. Group two (8 out of 
11), four (18 out of 26) and five (7 out of 15) circles were most recorded 
in studies conducted in Europe. However, conclusions on geographical 

location and type of variation are limited. It is suggested that further 
cross- sectional cadaveric and angiographic studies are performed to 
identify possible associations between sex, ethnicity, and geographical 
location and type of variation. Studies should be performed in a variety 
of geographical locations using large, diverse population groups. The 
results may be used to expand the classification system.

TA B L E  8  A table of the circles in group four of the classification system

Circle number Description of the variant circle Variation code
Study 
code(s)

Accessory AComA

42 Duplicated AComA ACOMAD S21

43 Duplicated AComA and unilateral hypoplastic PComA ACOMAD— PCOMAH S21

44 Duplicated AComA and bilateral hypoplastic PComAs ACOMAD— BPCOMAH S21

45 Duplicated AComA, unilateral hypoplastic PComA and 
contralateral absent PComA

ACOMAD— PCOMAH— CPCOMAA S21

46 Duplicated AComA and unilateral absent PComA ACOMAD— PCOMAA S11, S21

47 Duplicated AComA and bilateral absent PComAs ACOMAD— BPCOMAA S21

48 Duplicated AComA (one AComA hypoplastic) ACOMAD(1H) S5, S17

49 Duplicated AComA (one AComA hypoplastic) and unilateral 
hypoplastic PComA

ACOMAD(1H)— PCOMAH S17

50 Duplicated AComA (one AComA plexiform) and unilateral 
hypoplastic PComA

ACOMAD(1P)— PCOMAH S21

51 Triplicated AComA ACOMAT S17

Accessory ACA

52 Medial triplicated ACA ACATm S17, S21

53 Medial triplicated ACA and unilateral hypoplastic A1 ACATm— A1H S21

54 Medial triplicated ACA and unilateral hypoplastic PComA ACATm— PCOMAH S21

55 Medial triplicated ACA and bilateral hypoplastic PComAs ACATm— BPCOMAH S42

56 Medial triplicated ACA and unilateral absent PComA ACATm— PCOMAA S21

57 Lateral triplicated ACA ACATl S21

58 Lateral triplicated ACA, hypoplastic AComA and ipsilateral 
hypoplastic PComA

ACATl— ACOMAH— IPCOMAH S21

Accessory A1

59 Unilateral duplicated A1 A1D S15, S21

60 Unilateral duplicated A1 and ipsilateral hypoplastic P1 A1D— IP1H S15

Accessory PComA

61 Triplicated PComA (one PComA hypoplastic), contralateral 
hypoplastic PComA and ipsilateral hypoplastic P1

PCOMAT(1H)— CPCOMAH— IP1H S1

Accessory P1

62 Unilateral duplicated P1 P1D S15

63 Unilateral absent A1 and contralateral duplicated P1 origin A1A— CP1D S26

Accessory PCA

64 Unilateral duplicated PCA with ICoA PCAD S41

65 Unilateral duplicated PCA with hypoplastic P1c and ICoA PCAD— P1CH— ICOAH S41

Multiple accessory segments

66 Lateral triplicated ACA and duplicated AComA ACATl— ACOMAD S21

67 Unilateral duplicated A1 and ipsilateral duplicated P1 A1D— IP1D S15
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CoW variation is associated with an increase in aneurysm rupture 
(Lazzaro et al., 2012; Stojanović et al., 2019). It is suggested that fu-
ture studies investigate the association between variation type, as de-
scribed in the classification system, and the risk of aneurysm rupture. 
Identification of anatomical risk factors may assist in the selection of 
patients for preventative treatment.

While use of the coding system is encouraged, a regular sys-
tematic search of the literature should be performed to update the 
classification system. This would ensure that a single, up- to- date 
collection of the recorded variations is available. This may be the 
responsibility of an anatomical organisation.

4.4  |  Limitations

Criteria In2 and In3 may have excluded studies that used non- 
description to represent normal anatomy. A complete description or 
illustration of the circle was necessary as it could not be assumed 
that unreported arteries were of normal anatomy.

The searching and initial appraisal of studies were performed 
by a single investigator, introducing the potential for observer bias. 
However, a representative sample of studies was screened by two 
independent reviewers, with no difference to the original study se-
lection found.

F I G U R E  8  Group five of the classification system containing circles with other types of anatomical variation
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Some circles included in the classification system are described 
to have hypoplastic segments despite the original study not provid-
ing a definition for the variation type. These circles were included on 
account of the consistency in the use of a diameter of <1 mm as a 
definition of artery hypoplasia within the literature.

5  |  CONCLUSION

The new classification system provides a comprehensive ontology 
of the described anatomical variations of the CoW in humans. When 
used with the coding system, it allows the description and categorisa-
tion of recorded and unrecorded variants identified in past and future 
studies. It is applicable to current clinical practice and the anatomical 
community, including human anatomy education and research.
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