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Abstract

Background: The purpose of this study was to clarify the effect of asymmetric COW variants on carotid flow
changes, and proposed an easy estimate of the representative carotid flow volume for accurate numerical
simulation.

Methods: A total of 210 healthy adults receiving magnetic resonance angiography and carotid duplex sonography
were included. Three anterior cerebral artery asymmetry (AA) groups were defined based on the diameter ratio
difference (DRD) of bilateral A1 segments: AAT group, one-side A1 aplasia; AA2, A1 DRD 2 50%; AA3, A1 DRD
between 10 and 50%. Similarly, 3 posterior communicating artery (PcomA) asymmetry (PA) groups were defined:
PAT group, one fetal-origin posterior cerebral artery and absent contralateral PcomA; PA2, PcomA DRD 2 50%; PA3,
PcomA DRD between 10 and 50%.

Results: With AT asymmetry, the ICA diameter of the dominant A1 is significantly greater than the contralateral
side. Significant differences of bilateral ICA flow were present in the AA1 and AA2 groups (mean flow difference
42.9 and 30.7%, respectively). Significant bilateral ICA diameter and flow differences were only found in the PAT
group. Linear regression analysis of ICA diameter and flow found a moderately positive correlation between ICA
diameter and flow in all AA groups, with a 1 mm increment in vessel diameter corresponding to a 62.6 ml
increment of flow volume. The product of bilateral ICA diameter and flow volume difference (ICA-PDF) could be a
potential discriminator with a cutoff of 431 to predict AT asymmetry 250% with a sensitivity of 0.81 and specificity
of 0.76.

Conclusions: The study verifies that A1 asymmetry causes unequal bilateral carotid inflow, and consequently
different bilateral ICA diameters. Adjustment of the inflow boundary conditions according to the COW variants
would be necessary to improve the accuracy of numerical simulation.

Keywords: Cerebral blood flow, Carotid artery, MR angiography, Cerebral hemodynamics, Neuroanatomy,
Ultrasound

* Correspondence: porthoswu@yahoo.com.tw

'Department of Biomedical Imaging and Radiological Sciences, National
Yang-Ming University, Taipei, Taiwan

“Department of Medical Sciences Industry, Chang Jung Christian University,
Tainan, Taiwan

Full list of author information is available at the end of the article

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12883-020-01831-z&domain=pdf
https://orcid.org/0000-0002-4408-4264
https://orcid.org/0000-0002-9156-4789
https://orcid.org/0000-0003-0721-9606
https://orcid.org/0000-0003-4830-927X
https://orcid.org/0000-0001-6848-8776
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:porthoswu@yahoo.com.tw

Wu et al. BMC Neurology (2020) 20:251

Background

In patients with cerebral aneurysms, numerical simu-
lation could provide important hemodynamic infor-
mation about the aneurysm formation, enlargement,
and rupture [1, 2]. Accurate computation fluid dy-
namic calculations are based on 2 basic conditions:
1) detailed 3-dimensional (3D) angio-architecture
and 2) accurate/reasonable physiologic setting of the
target vascular tree [2-4]. However, essential
patient-specific physiologic data, such as flow volume
and flow rate of the proximal parent artery, are usu-
ally lacking for numerical analysis. Consequently,
average blood flow data from the general population,
rather than patient-specific values, are used [5-8].

It is reported that approximately half of the population
has Circle of Willis (COW) variants [9-12]. On the other
hand, cerebral aneurysms are not uncommon in patients
with asymmetric COW variants, such as anterior commu-
nicating artery (AcomA) aneurysms in Al aplasia, and
posterior communicating artery (PcomA) aneurysms in
fetal posterior cerebral artery (F-PCA) [13, 14]. Moreover,
carotid flow contralateral to Al aplasia, and ipsilateral to
E-PCA, has been shown to be greater than those with a
normal COW [15-18]. Total brain blood flow and distri-
bution in different COW-types also had been proposed
[16]. It had been shown that inflow boundary condition
[3, 19], especially parent artery flow volume and the con-
joint inflow ratio, affect the hemodynamic parameters of
cerebral aneurysms. Therefore, adjustment of inflow
boundary conditions for cerebral aneurysm analysis ac-
cording to different COW types is important for obtaining
reliable simulation results.

Thus, the purpose of this study was to investigate the
association of bilateral ICA flow in healthy adults with
asymmetric COW variants, and develop a method for
predicting COW asymmetry and the representative ca-
rotid flow volume.

Methods

Patients

This retrospective study was approved by the Institu-
tional Review Board of our hospital. The requirement to
obtain informed consent was waived due to its retro-
spective nature.

We retrospectively reviewed the PACS of our institu-
tion for subjects who received simultaneous head and
neck MRA and carotid duplex sonography from January
2017 to June 2018 as part of a routine health examin-
ation. A total of 223 healthy subjects without any history
or symptoms of cerebrovascular disease were identified.

Based on the imaging studies, 3 subjects were excluded
due to segmental narrowing (> 50%) of the common/in-
ternal carotid arteries, 4 due to proximal anterior cere-
bral artery (ACA)/ middle cerebral artery stenosis, 1 due
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to a persistent trigeminal artery, 2 due to vascular anom-
alies such as cerebral aneurysm, 2 due to arteriovenous
malformation/fistula, and 1 due to a moyamoya syn-
drome. These 13 excluded subjects were used for the in-
terobserver reliability test. Thus, 210 subjects (133
males, 77 females; mean age 54 + 9 years; range, 31 to
76 years) were included in the analysis.

Imaging studies

Three-dimensional time-of-flight magnetic resonance
angiography (TOF-MRA) of the head was obtained with
the parameters: TR/TE, 21/2 ms; flip angle, 20°; FOV,
200 mm; matrix, 320 x 192; NEX, 1. The major extracra-
nial arteries in the neck were visualized by contrast-
enhanced MRA on a 3T MR scanner (Discovery MR
750, GE Medical Systems, Milwaukee, WI, USA) using a
single dose (0.1 mmol/ kg; 5-7 ml) of gadobutrol (Gd-
BT-DO3A, Gadovist™, Bayer Healthcare, Leverkusen,
Germany) with an injection rate of 1.5 ml/s and MR pa-
rameters of TR/TE, 4/1 ms; flip angle, 25°; FOV, 300
mm; matrix, 320 x 224; and NEX, 1. Carotid Doppler
sonography was performed by the same technician with
more than 10 years of experience using a Philips HD15
ultrasound system to evaluate bilateral ICA flow volume.
For ICA flow volume measurement, a straight ICA seg-
ment at least 2cm above the carotid bulb was selected
with the doppler angle of incidence adjusted at or below
60 degrees. At the same site, the sample volume box was
put to cover the entire vessel diameter (d). The angle-
corrected time-average flow velocity (TAV) was deter-
mined over 3 to 5 complete cardiac cycles. The ICA flow
volume was calculated as the product of TAV and the
cross-sectional area (A) of the vessel according to the
formula FV = TAV x A = TAV x [(d/2)*xn].

MR imaging interpretations

At first, vessel diameter and COW calcification of the 13
excluded subjects were recorded by two experienced
neuroradiologists (TCW and TYC with 12 and 17 years
of experience, respectively) for the interobserver reliabil-
ity tests. Due to substantial to almost perfect reproduci-
bility (ICC values of 0.82-0.97), the vessel diameter
measurements of all 210 included subjects were com-
pleted by only one reader (TCW). For COW classifica-
tion, the diameter ratios between the bilateral Al
segments and between the ipsilateral PcomA and P2 seg-
ments were recorded (Fig. la, b). The diameters of the
bilateral distal cervical ICAs were measured at 1cm
below the petrous segment of the ICA (Fig. 1c). In each
case, the diameter of the dominant Al segment was set
as 100%, and the diameter of the non-dominant Al seg-
ment was set as the percentage compared to the domin-
ant Al segment. Bilateral PcomA diameters were
transformed into the percentage of the ipsilateral P2
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petrous ICA segment

Fig. 1 Examples of vascular diameter measurement. a) Typical location of bilateral A1 diameter measurement at in the middle of the Al
segment. b) Typical location of PcomA and P2 diameter measurement at in the middle of the PcomA and proximal P2 segment, respectively.
Note there was no PcomA on the contralateral side. €) Typical location of bilateral distal cervical ICA diameter measurement at 1 cm below the

segment diameters. F-PCA was defined as a PcomA
diameter equal to the ipsilateral P2 segment diameter
with an absence of the ipsilateral P1 segment.

The classification of COW variants is summarized in
Fig. 2. Three ACA asymmetry (AA) groups were defined
based on the diameter ratio difference of bilateral Al
segments: AA1 group, 1 side Al aplasia; AA2, bilateral
A1l diameter ratio difference > 50%; AA3, bilateral Al ra-
tio difference between 10 and 50%. Similarly, 3 PcomA
asymmetry (PA) groups were defined: PA1 group, 1F-
PCA, and absent PcomA on the contralateral side; PA2,
bilateral PcomA diameter ratio difference >50%; PA3,
bilateral PcomA diameter ratio difference between 10
and 50%. According to the vessel diameter, bilateral A1l
segments and PcomAs in each patient were denoted as a
dominant or non-dominant side. Symmetry was defined
as both bilateral A1 segment and PcomA diameter ratio

differences < 10%, with the exclusion of cases with bilat-
eral F-PCAs.

Several parameters were used to determine the ability
of ICA diameter and flow volume for prediction of
COW variants: (1) Bilateral ICA diameter difference; (2)
Bilateral ICA flow volume difference; (3) Bilateral ICA
flow volume difference percentage (2x bilateral ICA flow
difference/ bilateral ICA sum); (4) Product of bilateral
ICA diameter and flow volume difference (ICA-PDF),
expressed as ICA diameter difference (right ICA diam-
eter — left ICA diameter) x ICA flow volume difference
percentage [2 x (right ICA flow - left ICA flow)/(right
ICA flow + left ICA flow)].

Statistical analysis
Vessel diameter and flow volume measurements were
expressed as mean and standard deviation. Vessel

Symmetric AAl

AA2: Al Dia Diff >50%
AA3: Al Dia Diff <50%

Fig. 2 Classification of Circle of Willis variants (modified from Krabbe-Hartkamp, Radiology 1998) [9]

PAl
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PA2: PcomA Dia Diff >50%
PA3: PcomA Dia Diff <50%
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diameter and flow volume were compared in the follow-
ing ways with different statistical tests: 1) One-way
ANOVA and Bonferroni method for multi-intergroup
analysis; 2) Student t-test for comparisons between each
AA/PA subgroup and symmetric group; 3) Paired t-test
for intragroup analysis of each subgroup to compare
dominant vs. non-dominant side and right vs. left side.
Linear regression analysis was used to examine the rela-
tions between ICA diameter and flow volume in each
COW type. To examine the ability of ICA diameter and
flow parameters for prediction of each COW variant, re-
ceiver operating characteristic (ROC) curve analysis was
performed. Inter-observer reliability for COW calcifica-
tion of 13 excluded cases was determined by using the
Cohen « coefficient. For continuous data, the intraclass
correlation coefficient (ICC) was calculated with the
two-way random model and absolute agreement on
average measures. The Cohen k and ICC were inter-
preted according to methods described by Landis et al.
[20]. Cohen K coefficient values of 0.85 ~ 0.96 were ob-
tained for categorical COW classification and ICC values
of 0.82—-0.97 were obtained for the continuous data, both
indicating almost perfect reproducibility. All data ana-
lyses were performed using the statistical software pack-
age SPSS for Windows version 24.0 (IBM, Chicago, IL,
USA). Values of P-value < 0.05 were considered to indi-
cate statistical significance.

Results

Vascular anatomy

The demographic data of the subjects are summarized
in Table 1. All 210 subjects were asymptomatic Han-
Chinese adults, and only 81 (38.6%) had complete sym-
metric of the COW. Seven subjects with bilateral F-
PCAs and symmetric Als were not included in the sym-
metric group due to a lack of bilateral P1 segments.

Table 1 Subjects demographic data by Circle of Willis variants
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Sixty-seven subjects had asymmetric Al segments
(31.9% of all cases), including 19 (9%; AA1 group) with
unilateral Al aplasia, 33 (15.7%; AA2 group) with >50%
Al asymmetry, and 15 (7.1%; AA3 group) with <50% Al
asymmetry.

Seventy-eight subjects (37.1% of all cases) were in-
cluded in the PA group, including 15 in the PA1 group
(7.1%) with a unilateral F-PCA and absent contralateral
PcomAA, 45 in the PA2 group (21.4%) with >50%
PcomA asymmetry, and 18 in the PA3 group (8.6%) with
<50% PcomA asymmetry. Twenty-three subjects had
both Al and PcomA asymmetry. In these subjects, the
dominant A1l was most likely to be on the same side as
the non-dominant PcomA (19 patients, P <0.001,
McNemar’s test). Only 4 subjects had the dominant Al
and dominant PcomA on the same side.

Comparison of vessel diameters and flow in different
subgroups

AA group

When ACA asymmetry was present, there were sig-
nificant differences in ICA diameter between domin-
ant and non-dominant sides in the AAl, AA2, and
AA3 groups (Fig. 3a). Compared with the symmetric
group, the AA1l and AA2 groups had a significantly
larger ICA diameter on the dominant side and a sig-
nificantly smaller ICA diameter on the non-dominant
side. Similarly, significant differences in bilateral ICA
flow were also found in the AAl and AA2 groups
(Fig. 3b). The average bilateral ICA flow volume dif-
ference percentages of the AAl, AA2, and AA3
groups were 429, 30.7, and 29%, respectively
(Table 2). A greater asymmetry between the bilateral
Al segments tended to be associated with a larger
difference between the bilateral ICA flow volume.

All Symmetric A1 Asymmetry (AA group)b PcomA Asymmetry (PA group)©
AA1 AA2 AA3 P-value PA1¢ PA2 PA3 P-value

Number of cases 210 81 (38.6%) 19 (9%) 33 (15.7%) 15 (7.1%) 15 (7.1%) 45 (214%) 18 (86%)
Age (years) 539+94 504+93 526115 546+£10.1 499+83 0.344 554+79 533+95 51.8+£70 0.507
Right-side 6 (31.6%) 8 (24.2%) 7 (46.7%) 0311 10 (66.7%) 29 (644%) 14 (77.8%)  0.588
Sex

Female 77 (36.7%) 32 (39.5%) 7 (36.8%) 8 (24.2%) 4 (26.7%) 0.601 7 (46.7%) 15(333%) 10 (556%) 0.262

Male 133 (63.3%) 49 (60.5%) 12 (632%) 25 (758%) 11 (73.3%) 8 (533%) 30 (66.7%) 8 (44.4%)
Height (cm) 1652+81  1652+87 166.7+82 1655+66 166.1+6.1 0841 1633+78 1656+87 1634176 04%
Weight (Kg) 680+132 696=*146 694+137 658+99 69.7+137 0428 649+114 679+£135 645110 0543
Heart rate (/min)  673+100 668+ 11.1 658+104 683+80  655+126 0551 678+82 684+79 69.7+12/0 0.820

Seven subjects with bilateral F-PCAs were excluded

PTwenty-three patients in the AA group had PcomA asymmetry, including 2 PA1, 14 PA2, and 7 PA3
“Twenty-three patients in the PA group had A1 asymmetry, including 5 AA1, 13 AA2, and 5 AA3
dThirty—seven subjects with 45 F-PCA, with 20 right-side F-PCA, 9 left-side F-PCA, and 8 bilateral F-PCAs
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Fig. 3 Vessel diameter and flow in each group of COW variants. (@) Diameter and (b) Flow volume of the non-dominant and dominant ICAs in
the different AA groups; (c) Diameter and (d) Flow volume of the non-dominant and dominant ICAs in the different PA groups; (e) Diameter and
(f) Flow volume of the non-dominant and dominant ICAs in different PA groups without AT asymmetry.* Significant difference between non-
dominant and dominant ICA in a certain subgroup (P < 0.05). # Significant difference between non-dominant ICA of a certain subgroup and ICA
of the symmetric subgroup (P < 0.05). & Significant difference between dominant ICA of a certain subgroup and ICA of the symmetric subgroup
(P < 0.05). The cover bar indicates a significant difference between different COW subgroups. (P < 0.05)
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A significant difference in bilateral ICA diameter and flow
was only found in the PA1 group with unilateral F-PCA
and no contralateral PcomA. If an F-PCA was present,
there was a trend for the ipsilateral ICA to have a larger
diameter and higher flow volume as compared with the
symmetric group (Fig. 3¢, d). However, there was no signifi-
cant difference between these 2 groups concerning diam-
eter (P=0.059) and flow volume (P = 0.085). On the other
hand, the difference between ICA flow ipsilateral to the F-
PCA and in the symmetric group reached statistical

significance (P =0.049) after the exclusion of 15 patients
with an F-PCA with concomitant A1 asymmetry (Fig. 3e, f).

Association of ICA diameter with ICA flow

A moderately positive linear correlation between ICA
diameter and ICA flow in the AA group (R* = 0.238) was
noted (Fig. 4a) According to the linear equation, there
was a 62.6 ml increase in the ICA flow volume per 1 mm
increase in the ICA diameter. Based on the average ICA
flow volume of 265.9 ml/min in the AA group, it implied
a change of 23.5% of the ICA flow volume per 1 mm
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Table 2 ICA flow and diameter parameters for each group of COW variants

Al Symmetric A1 Asymmetry (AA group) PcomA Asymmetry (PA group)
AA1 AA2 AA3 Non-AA P value PA1 PA2 PA3 Non-PA P value

Number of subjects 210 81 (386%) 19 (9%) 33 (157%) 15 (7.1%) 143 (68.1%) 15 (7.1%) 45 (214%) 18 (86%) 132 (62.9%)
ICA-PDF 69+166 -01+£79 308+224 174+203 95+164 10+9.1 <00001 73+148 62+133 731225 70+170 0.993
ICA diameter 037+032 022+022 076%£033 055+038 048+038 026+022 <00001 040+029 041+034 040+037 034+031 0655
difference (mm)
ICA flow difference 659+516 51.0+388 1246+732 769+458 762+622 546+420 <00001 651+473 640+542 729+534 656+515 0943
(ml/min)
ICA flow difference  245+17.8 196+143 429+241 307+186 290+190 202+142 <00001 250+149 225+160 255+180 251+187 0852

percentage (%)

change in the ICA diameter. On the other hand, no sig-
nificant association was noted between ICA diameter
and flow volume in either the PA (Fig. 4b) and symmet-
ric groups (Fig. 4c). Carotid diameter and flow differ-
ences for each group of COW variants are shown in
Table 2. All parameters, including ICA diameter differ-
ence, ICA flow difference, ICA flow difference percent-
age, and product of bilateral ICA diameter and flow
difference (ICA-PDF) of each AA group exhibited sig-
nificant differences. Among them, ICA-PDF had the
highest area under the ROC curve (AUC = 0.807) for dis-
criminating the AA1 and AA2 groups from the others,
followed by ICA diameter difference (AUC =0.771), ICA
flow difference percentage (AUC =0.703), and ICA flow
difference (AUC = 0.695) (Fig. 5a). For the prediction of
A1 absence, ICA-PDF and ICA-diameter difference ex-
hibited even higher accuracy for discriminating the AA1
group from the other groups (Fig. 5b). The optimal cut-
off value for bilateral A1 asymmetry >50% was a PDF =
4.31 with a sensitivity of 0.81 and specificity of 0.76.

Discussion

This study attempted to clarify the effect of asymmetric
COW variants on carotid flow changes and proposed an
easy estimate of the representative carotid flow volume.

In the present study, 52 of the 210 cases (34.7%) had bi-
lateral A1 asymmetry >50%, in whom there was signifi-
cantly greater dominant ICA flow with larger dominant
ICA diameter, and lower non-dominant ICA flow with
smaller non-dominant ICA diameter, as compared with
the symmetric group. There was a moderately positive
association between ICA vessel diameter and ICA flow
volume in the AA groups, with a 1 mm increment in
vessel diameter corresponding to a 62.6 ml increment of
flow volume. Moreover, an ICA-PDF cutoff value of 4.31
was found to be a useful predictor of bilateral Al asym-
metry 250%.

While the COW serves as an important intracranial
collateral pathway, there are multiple incomplete or
asymmetric variants with variable prevalence according
to different classification criteria, including Al absence
(2.6—15.4%; 9% in our study), Al hypoplasia (2.6—28.9%;
15.7% in our study), true F-PCA without a P1 segment
(0.9-29.5%; 10.7% in our study), and F-PCA with P1 hy-
poplasia (4.5-37.2%; 4.5% in our study) [9-12, 14, 15,
17, 18, 21-23]. In our study, we used a bilateral A1 and
PcomA diameter ratio difference of 50% to define asym-
metry rather than the usual criteria using an absolute
vessel diameter of 1.0 mm as a cutoff value. Based on re-
ports indicating the mean diameters of the Al segment

6001 600 500 8
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R?=02384 ° R?=0.049 ° R?=0.033
°
5004 o 5004
o o o © 400 ° o
6 o z %o 5 o = ° % 5 ° 50
E 400 £ 4001 g o ¢ o E OZ"OQ g © ° °
E £ °© 508 & @9 e 2 0 06,00 o0 %o
S Y ° o $3009 0 °° DB o 6Fo o
=] = ° o 8, e 2 °©9 %80 © oo
< 3004 < 300 o0 o me g ¥ = 2 S %8
g g o " & o % o o P oo © °©
= = L 'b&%oo © ) ° Oqe8a0 o0 8o
e o ()
T 595958 @ o 200 % 3;%-; 2o
200+ 2001 0,5 B 0RL0 % 89 o
°°°o % Qé o ] °
1004 1001 100
30 35 40 45 50 55 60 30 a0 50 60 70 30 40 50 60 70
ICA diameter (mm) ICA diameter (mm) ICA diameter (mm)
(A) (B) ©)
Fig. 4 Linear regression analysis of ICA diameter and ICA flow in each group of COW variants. (a) AA group, (b) PA group, and (c)
symmetric group
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and the P2 segment are 2 mm [9, 11], a bilateral vessel
diameter ratio difference of 50% equals a 1 mm cutoff
value for the hypoplastic vessels. This vessel diameter ra-
tio had been used in several studies focused on the effect
of inflow inequality on cerebral aneurysms [23-26].

Our study showed a mean individual carotid flow dif-
ference percentage of 42.9% in the AA1 group. The re-
sult was consistent with several previous studies showing
that the carotid flow ipsilateral to Al aplasia is signifi-
cantly lower than that of the contralateral side, with the
flow difference percentage ranging from 34 to 50% [15—
18]. Moreover, we also demonstrated that there was a
significantly higher individual carotid flow difference
percentage (30%) when Al asymmetry was present.
Since each Al segment carries about 10% of the total
brain flow to the ipsilateral hemisphere [17, 24], Al seg-
ment asymmetry indicates redistribution of bilateral Al
flow and is crucial for computational hemodynamic
studies for 2 reasons. First, Al hypoplasia is associated
with AcomA aneurysms [1, 13, 23, 27]. This relation can
be explained by hemodynamic studies using either an
experimental design with an Al diameter ratio of >50%
[25], or patient-specific 3D geometry with an unequal
A1l inflow [28]. Both types of studies [25, 28] showed el-
evated intra-aneurysmal wall shear stress in the setting
of Al hypoplasia or unequal flow that would trigger
AcomA aneurysm formation. Our results further empha-
sized that Al asymmetry, even with a diameter differ-
ence of <50%, could also cause unequal inflow and
might be associated with Acom aneurysm formation.
Second, several studies have indicated the importance of
using patient-specific inflow boundary conditions to ob-
tain reliable computational fluid dynamic results, espe-
cially for aneurysms with more than 2 inflow avenues,
such as AcomA aneurysms [3, 19, 25, 28, 29]. Venugopal

et al. [19] showed that the wall shear stress distribution
on an aneurysm surface is sensitive to the bilateral Al
flow ratio and flow rate by using different inflow bound-
ary conditions for a patient-specific AcomA aneurysm
geometry with an original flow ratio of 1.87. Similarly,
Karmonik et al. [29] reported that changes in the flow
distribution of bilateral A1 segments could cause varia-
tions of the average wall shear stress as high as 43%,
again using a patient-specific AcomA aneurysm model
with an original flow ratio of 1.72. On the other hand,
blood flow changes of the parent artery would not
change the characterization of the intra-aneurysmal flow
pattern substantially in the setting of a side-wall
aneurysm/terminal aneurysm or AcomA aneurysm with
relatively symmetric Al segments [30]. In our study, we
proposed a linear equation between the ipsilateral ICA
diameter and ICA flow volume to provide a representa-
tive inflow boundary condition for the numerical simula-
tion while A1 asymmetry is present.

As for PcomA asymmetry, only the PA1 group exhib-
ited a significant carotid flow and diameter difference,
but to a lesser extent of 25%. A significantly higher ca-
rotid flow with an F-PCA compared with the symmetric
group was only found after the exclusion of coincident
A1 asymmetry. When Al asymmetry occurred simultan-
eously with PcomA asymmetry (23 cases), a non-
dominant Al (19 cases) was more frequently on the
same side of the dominant PcomA. A PcomA usually
serves as a conduit connecting the anterior and posterior
circulation to provide a collateral pathway when there is
proximal vessel comprise or there is an incomplete
COW. The average net flow of a PcomA is usually low,
and in an anterior to posterior direction, and accounts
for about 5% of the ipsilateral carotid flow [31]. Consid-
ering all the aforementioned findings, it is reasonable
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that PcomA asymmetry has little influence on carotid
flow changes.

In all AA groups and the PA1 group, there was a con-
sistent relation between dominant and non-dominant
carotid diameter and flow, i.e., there was larger vessel
diameter and higher carotid flow on the dominant side.
This finding is consistent with a “form-function” rela-
tion, wherein the form (anatomy: vessel radius) propor-
tionately informs its function (physiology: blood flow).
This concept has been extensively applied in the study
of coronary artery disease [32, 33]. Similar findings have
also been reported in studies of carotid flow, such as a
small carotid diameter ipsilateral to Al absence [21],
and a linear relationship between whole brain volume
and cerebral blood flow [16]. Cebral et al. [34] studied
the flow-area relation in the carotid arteries of 11
healthy adults using the least-squares method for curve
fitting and reported an average relative error between
the predicted and the measured ratio to be 20%. This re-
lation is also reflected in our finding of a moderately
positive linear correlation (Fig. 4a) between carotid
diameter and carotid flow in the AA groups (r* = 0.238).
Despite a significant difference in carotid diameter and
flow between each of the AA groups, there was also a
large standard deviation in each parameter owing to
large individual variances. To cancel out the individual
variances (Table S1 in the supplement) and amplify the
flow-diameter difference in the subjects with Al asym-
metry (Figure S1 in the supplement), we proposed the
product of bilateral ICA diameter and flow difference
(ICA-PDF) as a potential discriminator. Recognition of
an incomplete COW could offer stroke risk stratification
in patients vulnerable to proximal artery compromise,
such as those receiving cardiovascular surgery or carotid
artery trapping [35].

Several limitations of our study should be addressed.
First, the majority of subjects were middle-aged (40—60
years old, 64%) healthy Han-Chinese adults. The pro-
gressive decline of cerebral blood flow at a rate of 3ml
per year has been also reported [36]. The estimate of ca-
rotid flow in younger or aged populations might need
adjustment. Second, it’s hard to assure the bright vessel
lumen on TOF-MRA reflecting the “true” vessel size, es-
pecially when scanning a hypoplastic vessel. Moreover,
the vessel diameter was calculated by only 1 reader.
Thus, to minimize the measurement error of small-sized
Al segments and PcomA (<3 mm), the vessel diameter
ratio compared to the contralateral Al or ipsilateral P2
segment, rather than the exact vessel diameter, was used
for COW classification. It was reflected by the almost
perfect reproducibility of categorical COW calcification
in the 13 excluded subjects (Cohen K coefficient values
of 0.85 ~ 0.96). Third, there was no validation performed
for the estimate of carotid flow by the ipsilateral carotid
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diameter in Al asymmetry and patients with specific
neurovascular diseases such as cerebral aneurysms. Val-
idation with another dataset, or with prospective study
might be helpful.

Conclusion

Al asymmetry plays an important role in ICA flow dis-
tribution, contributing to bilateral unequal carotid inflow
and significant carotid diameter difference. When Al
asymmetry is present, there is a moderately positive lin-
ear correlation between carotid diameter and carotid
flow, with a 1 mm increment in vessel diameter corre-
sponding to a 62.6 ml increment of flow volume. Our
study improved the understanding of the association of
bilateral ICA flow in healthy adults with asymmetric
COW variants. Our results can potentially be applied to
improve the accuracy of numerical simulation by the ad-
justment of the inflow boundary conditions according to
the COW variants.
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