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Abstract

Purpose—The circle of Willis is a circulatory anastomosis that supplies blood to the brain. If 

any of the bridging segments are hypoplastic or absent, the capacity for collateral flow in the 

setting of large vessel occlusion may be decreased. Outside of the neonatal period, the prevalence 

of a complete circle of Willis (CoW) in the pediatric population has not been well described. Our 

objectives include determining the prevalence of a complete CoW in children and identifying if 

there is an age-related “loss” of arterial segments.

Methods—Following IRB approval, angiograms of the CoW performed on a 3-T MR platform 

from 2016 to 2020 on patients 21 years or younger were retrospectively reviewed. Any patient 

with underlying arterial pathology that may affect the CoW was excluded. Patient age and gender 

at the time of imaging were obtained.

Results—In total, 592 pediatric CoW were assessed. Frequencies of completeness were 

calculated in two different fashions: scenario 1 where a CoW was characterized as complete even 

if it contained hypoplastic vessels (88.8%), and scenario 2 where it was characterized as complete 

after excluding hypoplastic vessels (44.0%). In both scenarios, our data showed that older age was 

more associated with an incomplete CoW (p < 0.0001). In addition, we found a higher percentage 

of males with an incomplete CoW compared with females (p < 0.0001).

Conclusions—The presence of a complete CoW is greater in our pediatric population than 

what has been reported in adults. The prevalence of an incomplete circle of Willis also increases 

significantly with age.
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Introduction

The circle of Willis (CoW) is a circulatory anastomosis that supplies blood to the brain and 

surrounding structures. Named after Thomas Willis (1621–1675), it is the primary source of 

blood flow to the brain through its seven arterial segments. If one (or more) of the bridging 

segments is hypoplastic or absent, the capacity for collateral flow in the setting of large 

vessel occlusion may be decreased (Fig. 1). Since more robust collateral blood supply is 

associated with a greater chance of functional outcome following an ischemic stroke [1], the 

presence of an incomplete CoW has clear implications in this setting.

Imaging and autopsy studies in adults have reported wide ranges of a complete CoW [2–10]. 

An incomplete CoW has generally been thought to be congenital in etiology although more 

recent studies have shown that the rate of complete CoW decreases with increasing age 

in the adult population [7, 10]. Outside of the neonatal time period, the prevalence of a 

complete CoW in the pediatric population has not been well described [11]. Data on the 

rate of a complete CoW in children versus adults could aid in understanding the etiology 

of hypoplastic variants (congenital versus acquired) and inform data on differences in stroke 

outcome between these age populations. Our primary objective in this study is to determine 

the prevalence of a complete CoW in children utilizing modern magnetic resonance imaging 

techniques. A secondary objective is to identify if there is an age-related “loss” of CoW 

arterial segments.

Methods

Participants

Following IRB approval, MR angiograms (MRA) of the CoW performed on the Philips 

Ingenia 3-T MR platform from 2016 to 2020 were retrospectively reviewed. All MRAs were 

performed with 3D TOF technique. The cohort included patients 21 years or younger. Any 

patient with acute or chronic underlying arterial pathology that could affect the CoW was 

excluded. Patient age at the time of MRA and gender were obtained.

Image analysis

Images were reviewed by pediatric neuroradiologists to assess the integrity (presence 

or absence) and the caliber (normal or hypoplastic) of the CoW segments. Bilateral 

A1 anterior cerebral artery (ACA) segments, bilateral posterior communicating arteries 

(PCoAs), and bilateral proximal or horizontal (P1) posterior cerebral artery (PCA) segments 

were categorized as normal, hypoplastic, or absent (Fig. 1). The anterior communicating 

artery (ACoA) was designated present or absent, as its small size makes determination of 

hypoplasia difficult.

A vessel was categorized as absent if flow-related enhancement along the expected course 

of the artery was not identified. The A1 segments of the ACAs and P1 segments of 

the PCAs were labelled hypoplastic if the vessel was 50% smaller than the contralateral 

artery in the setting of a normal contralateral vessel or if it was visually attenuated when 

the contralateral vessel was also attenuated, resulting in bilateral hypoplasia. Classifying 

the PCoA as hypoplastic was more subjective, as it is typically small in caliber. Most 

Chopra et al. Page 2

Childs Nerv Syst. Author manuscript; available in PMC 2023 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



commonly we reserved that classification for when the vessel was significantly attenuated, 

however still visible, or if smaller than the contralateral side, when the contralateral vessel 

was categorized as normal. In cases that were borderline, a consensus was reached after 

consultation with additional neuroradiologists.

CoW completeness was defined differently based on two different scenarios. In the first 

scenario, the CoW was considered incomplete if any segment was absent and complete if 

all segments were either normal or hypoplastic. In scenario 2, the CoW was classified as 

incomplete if any segment was absent or hypoplastic and complete only if all segments were 

normal.

Regarding presence of a fetal-type PCA (FTP), we adopted van Raamt’s definition [12]. FTP 

was determined when the PCA received the majority of its arterial supply from the anterior 

circulation via a prominent ipsilateral PCoA. This was then further classified as a full FTP 

if the ipsilateral P1 segment was absent or as a partial FTP if the ipsilateral P1 segment was 

hypoplastic (Fig. 1). Additional anatomic variants of the CoW were noted, particularly of the 

ACoA, including complex or plexiform, duplication, and accessory A2 segments.

Statistical analysis

Statistical analyses were performed using custom scripts in the R language (v3.6.0) using 

the tidyverse library. Significance between age and sex distributions was calculated by 

applying the Student’s t-test to distributions generated using bootstrap resampling (n = 

1000). Importance of right and left PCoA vessels was identified using a decision tree model. 

Dependency of CoW completeness and right and left PCoA were confirmed using logistic 

regression. Significance threshold was set to p < 0.0001.

Results

A total of 592 pediatric CoW were assessed. The breakdown of males and females per age 

is listed in Table 1. The frequencies of absent, hypoplastic, and normal vessels for the major 

branches of the CoW are presented in Table 2. Frequencies of CoW completeness were 

88.8% for scenario 1 and 44.0% for scenario 2 (as defined above). In both scenarios, our 

data showed that there was a relationship between age and completeness of CoW; older age 

was more associated with an incomplete CoW (p < 0.0001). In addition, in both scenarios, 

we found a higher percentage of males with an incomplete CoW compared with females (p 
< 0.0001).

Under scenario 1, 8.1% of females had an incomplete CoW versus 14.4% of males. In 

addition, the average age of a patient with a complete CoW was younger than an incomplete 

CoW: 9.37 versus 10.76 years. Under scenario 2, 57.0% of males had an incomplete CoW 

versus 55.0% of females. Similar to scenario 1, the average age for complete CoW is 

younger than that with an incomplete CoW: 9.32 versus 9.69 years. Finally, the left and right 

PCoAs are the most frequently affected vessels (i.e., hypoplastic or absent) and demonstrate 

significant dependence on age and sex (p < 0.0001), congruent with CoW status.
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Regarding fetal-type posterior cerebral artery (FTP), there were 49 patients with partial FTP 

(8.2%) and 1 with full FTP (0.2%) on the right; 42 patients with partial FTP (7.0%) and 2 

with full FTP (0.3%) on the left. Eight patients had bilateral partial FTP (1.3%). There were 

52 patients with ACoA variants (8.7%), 2 patients with duplicated A1 segments (0.3%), and 

2 patients with duplicated PCoA (0.3%).

Discussion

The circle of Willis (CoW) is the major source of collateral blood flow to the brain 

through its seven major branches. Hypoplastic or absent vessels have implications in patients 

with ischemic stroke [1, 13–15]. Previous studies in adults have reported wide ranging 

percentages for a complete CoW in the adult population: 21–85% [2–10]. This is in part 

due to differences in technique: autopsy versus imaging; conventional angiography versus 

CTA versus MRA. In addition, different studies utilized different definitions for what was 

considered a complete CoW (i.e., whether or not to characterize a CoW with a hypoplastic 

vessel as complete versus incomplete). In our MRI-based study of a large pediatric cohort 

(n = 596), the majority of patients had a complete CoW: 88.8% when including patients 

that had hypoplastic vessels. This number dropped to 44% if we removed any CoW with a 

hypoplastic vessel.

Similar to other authors, we found a statistically significant association between increasing 

patient age and increased rate of incomplete CoW. Recognition of this apparent “loss” of 

vessels with age can aid in interpreting imaging studies and also may have implications for 

neurological conditions.

Interestingly, we also found significant differences in the rate of incomplete CoW between 

sexes. Overall, males had a higher rate of incomplete CoW than females. It is unclear if this 

has any association with males being at higher risk for all stroke types than females.

Conclusion

The presence of a complete CoW is greater in our pediatric population than what has 

been reported previously in adults. The prevalence of an incomplete circle of Willis 

also increases significantly with age. Age-related changes should be considered when 

interpreting intracranial MRAs in children.
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Fig. 1. 
3D reconstructed time-of-flight magnetic resonance angiographic images of five different 

pediatric patients demonstrate (A) a complete circle of Willis (white arrowhead: anterior 

communicating artery), (B) a CoW with a hypoplastic right A1 segment (white arrow), (C) a 

CoW with an absent right posterior communicating artery (white asterisk; white arrowhead: 

right anterior choroidal artery), (D) a partial fetal-type right posterior cerebral artery (white 

arrow) with a hypoplastic right P1 segment (white arrowhead), and (E) a full fetal-type right 

posterior cerebral artery (white arrow) with an absent right P1 segment (white asterisk)
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Table 1

Frequency of patient sex stratified by patient age

Age (years)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Female 20 12 10 17 9 9 11 9 15 13 19 14 19 19 27 19 13 18 17 6 2 0

Male 26 14 12 12 16 13 15 19 14 12 13 12 17 12 25 23 18 13 7 4 0 1

Total 46 26 22 29 25 22 26 28 29 25 32 26 36 31 52 42 31 31 24 10 2 1
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Table 2

Vessel status

Absent Hypoplastic Normal

ACoA 5 - 591

(0.84%) (−) (99.16%)

Right A1 1 38 557

(0.17%) (6.37%) (93.46%)

Left A1 3 30 563

(0.50%) (5.04%) (94.46%)

Right PCoA 29 127 440

(4.87%) (21.31%) (73.82%)

Left PCoA 34 116 446

(5.71%) (19.46%) (74.83%)

Right P1 1 49 546

(0.17%) (8.22%) (91.61%)

Left P1 2 42 552

(0.34%) (7.04%) (92.62%)
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