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BACKGROUND: Hemodynamic stress is linked to the development of intracranial aneurysms (IAs) and may be influenced by
anatomic variation of intracranial arteries. We assessed diameters and bifurcation angles of intracranial arteries forming the
circle of Willis in a cohort of individuals screened for the presence of IAs.

METHODS: Individuals with and without IAs identified at screening with magnetic resonance angiography were compared. Diam-
eters and bifurcation angles of the following arteries were measured using semiautomatic methods: A1 and A2 segments of
the anterior cerebral artery, M1 and M2 segments of the middle cerebral artery, P1 segments of the posterior cerebral artery,
posterior communicating artery (Pcom), internal carotid artery, vertebral artery, and basilar artery. We employed univariate gen-
eral linear models to assess group differences. This included subgroup comparisons between individuals with IAs at specific
locations and matched controls, and comparisons on group level between individuals with and without IAs, corrected for age
and sex.

RESULTS: In 94 of the 1049 individuals (9.0%) included, IAs were detected. Individuals with middle cerebral artery IAs had wider
ipsilateral M2–M2 bifurcation angles compared with controls (121±25° versus 97±19°; P<0.01). Individuals with anterior com-
municating artery IAs showed smaller angles for the A1–A2 bifurcation (106±16° versus 120±17°; P = 0.02), while those
with Pcom IAs had wider Pcom–C7 bifurcation angles (147±14° versus 127±17°; P = 0.02) and smaller diameters below the
ipsilateral internal carotid artery top (2.86±0.36 mm versus 3.10±0.33 mm; P = 0.03) compared with controls.

CONCLUSION: We found associations between wider M2–M2 bifurcation angles or narrower A1–A2 bifurcation angles and IA
presence, consistent with prior literature. Moreover, we uncovered previously unexplored associations, including wider Pcom–
C7 bifurcation angles and smaller internal carotid artery diameters in individuals with Pcom IAs. Future research should explore
the potential of these markers in predicting IAs in at-risk populations during follow-up screenings.
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R upture of an intracranial aneurysm (IA) causes
aneurysmal subarachnoid hemorrhage (aSAH),
a severe subtype of stroke with high death and

morbidity in survivors.1 The development of an IA and
the subsequent risk of aSAH have been associated with
multiple factors, including hypertension, smoking, and
a positive family history of aSAH.2 Repeated screening
for IAs to prevent aSAH has been proven cost effective
in first-degree family members of patients with aSAH.3,4

Although the pathogenesis of the disease remains
largely unknown, hemodynamic stress in intracranial
arteries forming the circle of Willis (CoW) is considered
to play an important role.5–7 Variation in artery diameters
or bifurcation angles may affect hemodynamic stress,8

thereby contributing to the development of IAs. Prior
research exploring this anatomic variation has led to the
identification of several potential imaging markers.9–14

However, the level of supporting evidence remains lim-
ited. This was further demonstrated by a recent system-
atic review15 on imagingmarkers for IAs, which revealed
large heterogeneity of marker definitions and study out-
comes as well as poor methodological quality of many
included studies. Only asymmetry of the A1 segments
of anterior cerebral arteries (ACAs) could be identified as
an anatomic imaging marker for anterior communicat-
ing artery (Acom) IAs with certainty. Possible evidence
was found for other markers such as increased artery
diameter ratios of the A1–A2 segments or wider M2–
M2 segment bifurcation angles of the middle cerebral
artery (MCA). The study concluded that more long-term
prospective investigations in larger populations were
needed to identify additional anatomic imaging mark-
ers for IAs. Knowledge on these imaging markers will
lead to more insight in the pathogenesis of IA forma-
tion. Moreover, in first-degree relatives of patients with
aSAH, these imaging markers may help to improve the
risk prediction of relatives at high risk of IAs at follow-
up screening using imaging data derived at the first
screening.16,17

Our study aims to provide additional evidence for
anatomic markers of IA and identify new potential mark-
ers using a standardized approach. We test 2 hypothe-
ses in 2 cohorts with individuals screened for IAs: artery
diameters or bifurcation angles associated with (1) IA
presence at specific locations, and (2) IA presence in
general.

METHODS
Study Participants
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request. Two cohorts of individuals screened for the
presence of IAs with magnetic resonance angiography

Nonstandard Abbreviations and Acronyms
ACA anterior cerebral artery
Acom anterior communicating artery
aSAH aneurysmal subarachnoid hemorrhage
CoW circle of Willis
ERASE Early Recognition of Persons at High

Risk of Aneurysmal Subarachnoid
Hemorrhage

FDR false discovery rate
F-PCA fetal-type posterior cerebral artery
IA intracranial aneurysm
ICA internal carotid artery
MCA middle cerebral artery
PCA posterior cerebral artery
Pcom posterior communicating artery
UIA unruptured intracranial aneurysm
UMCU University Medical Center Utrecht
VAC vascular asymmetry coefficient

CLINICAL PERSPECTIVE
What Is New?

• There is limited evidence for imaging markers
associated with intracranial aneurysm pres-
ence.

• We observed several associations between
artery diameters or bifurcation angles and
intracranial aneurysm presence, some align-
ing with prior literature and others revealing
previously unexplored associations.

What Are the Clinical Implications?

• Long-term serial screening for intracranial
aneurysms is currently recommended for
first-degree family members of patients with
aneurysmal subarachnoid hemorrhage. How-
ever, the screening process is suboptimal
due to insufficient understanding of who is at
risk. Imaging markers can improve this pro-
cess by identifying individuals at higher risk of
developing intracranial aneurysms during ini-
tial screening. As a result, high-risk individuals
may undergo more frequent follow-up screen-
ings, while those at lower risk may have their
screening frequency reduced.
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(MRA) at the University Medical Center Utrecht (UMCU)
were included. Cohort A, collected as part of clinical
practice, included individuals with a positive family his-
tory for aSAH in first-degree relatives. Cohort B was col-
lected as part of research and included participants of
the ERASE (Early Recognition of Persons at High Risk
of Aneurysmal Subarachnoid Hemorrhage) study18 for
IAs in first-degree relatives of patients with an unrup-
tured IA (UIA). Details of both cohorts are explained
further below. This study followed the Strengthening
the Reporting of Observational studies in Epidemiology
guidelines19 for cohort studies.

Cohort A
Individuals screened for IAs because of familial aSAH at
the UMCU were recorded in a prospectively collected
database. Information from August 1996 to February
2020 for individuals aged >18 years was retrieved.
Those admitted to the UMCU with aSAH or with UIA
visiting the neurology outpatient clinic were routinely
asked about family history. If aSAH occurred in their
first-degree relatives, the patients were informed that
their relatives are welcome to visit the outpatient clinic
to be informed about screening for IAs. Second, individ-
uals were also referred for screening by general prac-
titioners or by neurologists and neurosurgeons from
other hospitals. For the current study, we included indi-
viduals in whom a 3-dimensional T1-weighted gradient
echo time-of-flight MRA acquisition on a 1.5 or 3.0 Tesla
magnetic resonance imaging (Philips Healthcare, Best,
The Netherlands) was performed (Table S1). Individuals
with endovascular or surgical treatment of IAs in their
past medical history were excluded, as treatment may
lead to artefacts on the MRA. Individuals with polycystic
kidney disease or other disease known to predispose
for aneurysm development were also excluded. As it is
advised to repeat screening as IAs develop during life,20

multiple MRA scans may be available per individual, in
which case we used the data of the most recent MRA.
In individuals who underwent endovascular or surgical
treatment of UIAs found at screening, we used the latest
MRA performed before the treatment.

Cohort B
This cohort includes 461 first-degree relatives of index
patients with UIAs who visited the neurology outpatient
clinic of the UMCU, Leiden University Medical Center,
or Amsterdam University Medical Center in the Nether-
lands between April 2017 and October 2021.18 Index
patients were defined as adults with an incidental find-
ing of saccular UIA(s) on MRA, computed tomography
angiography, or conventional angiography and no fam-
ily history of aSAH (defined as no first-degree relative
[parent, sibling, or child] with aSAH), nor a medical his-

tory of aSAH, polycystic kidney disease, or other dis-
ease known to predispose for aneurysm development.
Eligible index patients were informed about the study
and written informed consent to contact their false dis-
covery rates (FDRs) was obtained. Exclusion criteria for
relatives were (1) age <18 years or >70 years at time
of screening; (2) a medical history of UIAs, polycystic
kidney disease, Ehlers–Danlos syndrome, or fibromus-
cular dysplasia; (3) previous screening for IAs; (4) severe
comorbidity resulting in a reduced life expectancy that
would potentially interfere with decision making about
UIA treatment; (5) relative contraindications for MRA
such as pregnancy, a pacemaker, or claustrophobia;
and (6) cognitive deficits or language barrier. All partic-
ipants underwent a 3-dimensional T1-weighted gradi-
ent echo time-of-flight MRA acquisition on a 3.0 Tesla
magnetic resonance imaging using a 32-channel head
coil (Philips Healthcare, Best, The Netherlands). Three
individuals had to be excluded as no MRI could be per-
formed due to claustrophobia. Another 15 individuals
were excluded due to poor image quality.

Standard Protocol Approvals,
Registrations, and Patient Consents
For cohort A, we received a “non–World Meteoro-
logical Organization declaration” from the local ethics
review committee. TheMedical Ethical Review Commit-
tee of the UMCU approved the study protocol (approval
number 16–777) of cohort B.

Imaging Markers
We included artery diameters of, and bifurcation angles
between, the main intracranial arteries of the CoW
(Figure ). Additionally, we addressed A1 asymmetry of
the ACA and the proportion of fetal-type posterior cere-
bral arteries (F-PCAs) due to their previous identification
as (potential) imaging markers.15,21

Assessment of Artery Diameters
Artery diameters were measured using a validated
semiautomatic approach22 applying a full-width-at-half-
maximum analysis. Annotations were performed by 2
observers (I.V. and M.O.) on the following arteries (both
left and right): A1 segments of ACAs, M1 segments
of MCAs, P1 segments of posterior cerebral arteries
(PCAs) and posterior communicating arteries (Pcoms)
at 50% of total segment length; internal carotid arteries
(ICAs) at 5 mm below the top; vertebral arteries at 5 mm
below the vertebrobasilar junction; and A2 segments of
ACA at 5 mm after the Acom. In addition, we annotated
the basilar artery at 5 mm below the basilar top.

The full-width-at-half-maximum method is known to
produce biased estimates for smaller arteries. Based on
our findings in earlier work,22 we kept a detection limit
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Figure . Overview of annotations.A, Schematic representation of the CoW arteries.B, L: Diameter annotations of the CoW arteries included
in this study. R: Angle annotations of the CoW bifurcations included in this study. A1, A1-segment of the anterior cerebral artery (ACA); A1–A2,
angle between A1 and A2 segments of the ACA; A2, A2-segment of the ACA; BA top, BA top bifurcation angle; BA, basilar artery; CoW, circle of
Willis; ICA top, ICA top bifurcation angle; ICA, internal carotid artery; L, left; M1, M1-segment of the middle cerebral artery; M2–M2, bifurcation
angle between 2 M2-segments; P1, P1-segment of the posterior cerebral artery; Pcom/C7, angle between Pcom and distal ICA (C7 segment);
Pcom, posterior communicating artery; R, right; VA, vertebral artery; VBJ, vertebrobasilar junction angle.

of 1.2 mm. Arteries with a diameter below the detection
limit are automatically assigned a constant value of 0.6.

Assessment of Bifurcation Angles
To measure artery bifurcation angles, segmentation of
the intracranial arteries was performed using a vali-
dated 3-dimensional U-Net.23 Artery centerlines were
obtained by performing skeletonization through suc-
cessive erosion of border voxels.24 Bifurcation angles
were computed on the basis of these centerlines using
the direction of vectors originating from a bifurcation

within distances of 5 mm. The following bifurcations
were annotated (both left and right; see the Figure )
by 2 observers (I.V. and R.v.T.): bifurcation between A1
and A2 segments of the ACA, bifurcation at the ICA top,
bifurcation between Pcom and distal ICA (C7 segment),
and the bifurcation between both M2 segments of the
MCA. If the Acom was not visible, the angle between
the A1 and A2 segments of the ACA at the point of
highest curvature was assessed. If other arteries were
not visible, such as an A1 or Pcom, that angle was not
annotated. Finally, we annotated angle bifurcations at
the basilar artery top and vertebrobasilar junction.
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Asymmetry
Asymmetry of the A1 segments was assessed using
the vascular asymmetry coefficient (VAC), based on
2 studies25,26 included in the systematic review by
Kancheva et al.15 The asymmetry was classified as fol-
lows on the basis of VAC values: <10%, symmetrical;
10%– to 40%, asymmetrical; and >40%, hypoplastic.
Undetectable A1 segments were labeled aplastic.

Fetal-Type PCAs
F-PCAs, a CoW anatomic variant where the PCA orig-
inates predominantly from the ICA, (ie, the Pcom is
larger in diameter than the P1 segment of the PCA) has
been associated with the presence of Pcom IAs in a
recent study.21 We assessed the proportion of ipsilat-
eral F-PCA in individuals with Pcom IAs, as well as the
proportion of unilateral and bilateral F-PCA in the entire
IA group.

Statistical Analysis
Baseline demographic and clinical characteristics were
reported using mean values and SDs for continuous
variables. Counts and percentages were used for cate-
gorial variables. Matching and data analyses were per-
formed using IBM Statistics SPSS version 27 (IBM,
Armonk, NY).

First, we categorized individuals within the IA group
on the basis of the specific location of their IAs. Next,
we examined how the arterial diameter and bifurcation
angle of the artery near the IA location varied between
each subgroup and a control group matched specifi-
cally for that group. We included only subgroups with a
minimum sample size of 15 for this analysis to maintain
adequate statistical power. To establish comparable
control groups, we implemented a 1:2 matching pro-
cedure using case–control matching in SPSS.27 Indi-
viduals from the IA group were paired with those from
the group without IA on the basis of sex and age (±2
years). For each subgroup resulting from the match-
ing process, we applied univariate general linear model
analyses with artery diameters and bifurcation angles
on the ipsilateral side as the dependent variables. For
patients with an Acom IAs, we used the dominant ver-
sus nondominant side for artery diameter comparisons
and the wider versus narrower side for bifurcation angle
comparisons. Artery diameters falling below the detec-
tion limit were reevaluated by an experienced radiolo-
gist (B.V.) in cohort A and under the supervision of an
experienced radiologist (M.V.) in cohort A, and manually
adjusted if needed. We examined the VAC scores for A1
asymmetry and the occurrence of F-PCAs using odds
ratios (ORs) with their corresponding 95%CIs. Analyses
were corrected for age and sex to avoid any bias due
to residual confounding.28 Benjamini–Hochberg FDR29

was used to report P values corrected for multiple
comparisons.

Second, we tested for differences in artery diameters
and bifurcation angles between the entire group with IA
and without IA, using univariate general linear models.
Sex and age were added as covariates, and the FDR
method was used to correct for multiple testing.

Validity of model assumptions of a general linear
model (ie, homogeneity of variance and normality) was
assessed with inspection of residual plots. Intra- and
interobserver variability was investigated using Bland–
Altman plots and the intraclass correlation coefficient.
The statistical significance threshold was set at P<0.05.
Any missing data were handled using listwise deletion
in models.

RESULTS
A total of 605 individuals fulfilled the inclusion criteria in
cohort A and 443 individuals in cohort B. Demographic
and clinical characteristics are shown in Table 1. From
the 1049 individuals who were included in this study,
125 IAs were detected in 94 individuals (9.0%; 69 in
cohort A and 25 in cohort B).

Mean values of the artery diameters and bifurcation
angles are reported in Table S2. Results of the anal-
yses focusing on specific IA locations are presented
in Table 2. Differences between the MCA IA subgroup
and control group were observed for the M2–M2 bifur-
cation angle (121±25° versus 97±19°; P<0.01; FDR
corrected) on the ipsilateral side. Individuals with Acom
IAs showed smaller A1–A2 angles on the narrower side
when compared with their matched controls (106±16°
versus 120±17°; P = 0.02). In the Pcom IA subgroup,
we observed a larger ipsilateral Pcom–C7 bifurcation
angle in individuals with IA (147±14°) versus without
(127±17°; P = 0.02). In addition, the ICA diameters
5 mm below the ICA top were smaller in individuals
with Pcom IAs than their controls (2.86±0.36 mm ver-
sus 3.10±0.33 mm; P = 0.03). After FDR correction,
the adjusted P values for the A1–A2 angle, Pcom–C7
angle and ICA diameters no longer indicated statistical
significance (P>0.05).

Both aplasia and pronounced hypoplasia
(VAC>40%) of 1 of the A1 arteries were observed
in 2 of 17 individuals with Acom IAs (see Table S3).
In the group of 34 matched controls, only 1 case of
aplasia (OR, 5.4 [95% CI, 0.4–75.0]) and 1 case of
pronounced hypoplasia was found (OR, 5.1 [95% CI,
0.4–61.6]). Asymmetry of the A1 arteries (VAC>10%
and ≤40%) was found in 5 individuals with Acom
IAs and 13 individuals without IAs (OR, 0.7 [95% CI,
0.2–2.7]). Finally, symmetry of the A1 arteries (VAC≤10)
was observed in 8 individuals with Acom IAs versus 19
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Table 1. Demographic and Clinical Characteristics of the Study Cohort

Characteristic Cohort A+B Cohort A Cohort B

No. of individuals 1049 606 443

Women, n (%) 597 (57) 351 (58) 246 (56)

Age, y, ±SD 46±14 46±14 47±13

Smoking∗

Current, n (%) 207 (20) 107 (18) 100 (23)

Ever, n (%) 236 (22) 86 (14) 150 (34)

Never, n (%) 422 (40) 229 (38) 193 (44)

Hypertension†

Yes, n (%) 189 (18) 100 (17) 89 (20)

No, n (%) 650 (62) 296 (49) 354 (80)

IAs

Individuals with IAs, n (%) 94 (9) 69 (11) 25 (6)

Women, n (%) 67 (72) 51 (74) 16 (64)

Individuals with multiple IAs, n (%) 19 (2) 17 (3) 2 (0)

Identified IAs, n 125 98 27

Location

Middle cerebral artery, n (%) 43 (34) 33 (34) 10 (37)

Internal carotid artery, n (%)‡ 35 (28) 28 (29) 7 (26)

Anterior communicating artery, n (%) 17 (14) 12 (12) 5 (19)

Posterior communicating artery, n (%) 17 (14) 13 (13) 4 (15)

Pericallosal artery, n (%) 5 (4) 5 (5) 0 (0)

Anterior cerebral artery, n (%)§ 2 (2) 2 (2) 0 (0)

Basilar artery, n (%) 2 (2) 2 (2) 0 (0)

Superior cerebellar artery, n (%) 2 (2) 1 (1) 1 (4)

Posterior inferior cerebellar artery, n (%) 1 (1) 1 (1) 0 (0)

Temporalis anterior artery, n (%) 1 (1) 1 (1) 0 (0)

Mean IA size, mm, ±SD 2.74±1.26 2.66±1.21 2.98±1.37

IA indicates intracranial aneurysm.
∗Characteristics unknown for 183 individuals from cohort A.
†Characteristics unknown for 209 individuals from cohort A.
‡ include both proximal (vicinity ophthalmic artery) and distal (vicinity ICA top) UIAs.
§include 2 proximal A1 segment UIAs and 1 UIA at the A1–A2 junction.

individuals without (OR, 0.9 [95% CI, 0.3–3.0]). Overall
VAC scores individuals with Acom IAs (19.3±22.9)
did not differ from their matched controls (11.7±15.2;
P = 0.19; Table 2).

The observed proportion of bilateral F-PCAs in the
entire group with IAs was 11%, but this was not different
from the entire group without IAs (6%; OR, 1.9 [95% CI,
0.9–3.9]; P = 0.12; Table S4).

No statistically significant differences were observed
in artery diameters when comparing the group with
IAs with the whole group without IAs (results shown in
Table S5). We found wider M2–M2 bifurcation angles
in the group with IAs compared with the group without
IAs (left M2–M2: 102±22° versus 94±19°; P = 0.04;
right M2–M2: 103±23° versus 94±18°; P = 0.01; FDR
corrected; Table S6).

Assessment of the intra- and interrater variability
yielded excellent agreement for both the artery diam-
eters and bifurcation angles, with intraclass correla-

tion coefficient values ranging between 0.97 and 0.98
(Figure S1).

DISCUSSION
For the subgroup analysis based on IA locations, we
found wider ipsilateral M2–M2 bifurcation angles in indi-
viduals with MCA IAs compared with their matched
controls. Individuals with Acom IAs showed smaller
angles at the A1–A2 bifurcation on the narrower side
than the control group. Individuals with Pcom IAs exhib-
ited wider Pcom–C7 bifurcation angles and smaller
diameters below the ICA top in comparison with the
matched controls. Finally, comparing the IA group with
the entire group without IAs showed wider left and right
M2–M2 bifurcation angles in individuals with IAs.

We observed a larger M2–M2 angle in individ-
uals with MCA IAs, which is in line with previous
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Table 2. Analysis of Artery Diameters and Bifurcation Angles Associated With the Presence of Intracranial Aneurysms
Categorized by Aneurysm Location and Compared With Matched Control Groups

Location of
aneurysm

Measurement on
ipsilateral side

N (with IA versus
without IA)

Mean±SD (with IA versus
without IA) ∗P value

P value corrected
with FDR

MCA M1 artery diameter 41 vs 82 2.51±0.24 vs 2.53±0.26 0.57 0.74

M2–M2 bifurcation angle 37 vs 72 121±25 vs 97±19 <0.01‡ <0.01‡

ICA ICA artery diameter 30 vs 68 3.14±0.37 vs 3.13±0.43 0.84 0.84

ICA top bifurcation angle 34 vs 66 111±15 vs 113±15 0.40 0.65

Acom A1 (DS) artery diameter 17 vs 34 2.15±0.23 vs 2.09±0.18 0.29 0.63

A1 (NDS) artery diameter 15 vs 33 1.76±0.47 vs 1.83±0.30 0.55 0.74

A1 asymmetry† 15 vs 33 19.3±22.9 vs 11.7±15.2 0.19 0.49

A1–A2 (WS) bifurcation angle 11 vs 31 130±22 vs 136±17 0.38 0.65

A1–A2 (NS) bifurcation angle 11 vs 31 106±16 vs 120±17 0.02‡ 0.09

Pcom Pcom artery diameter 16 vs 34 1.77±0.28 vs 1.81±0.33 0.69 0.75

Pcom-C7 bifurcation angle 6 vs 9 147±14 vs 127±17 0.02‡ 0.09

P1 artery diameter 14 vs 32 1.86±0.23 vs 1.89±0.33 0.69 0.75

ICA artery diameter 15 vs 33 2.86±0.36 vs 3.10±0.33 0.03‡ 0.10

A1 indicates A1-segment of the anterior cerebral artery; A2, A2-segment of the anterior cerebral artery; Acom, anterior communicating artery; C7, C7 segment of
the internal carotid artery; DS, dominant side; IA, intracranial aneurysm; ICA, internal carotid artery; M1, M1-segment of the middle cerebral artery; M2, M2-segment
of the middle cerebral artery; MCA, middle cerebral artery; NDS, nondominant side; NS, narrower side;

P1, P1-segment of the posterior cerebral artery; Pcom, posterior communicating artery; and WS, wider side.
∗With adjustments for age and sex.
†Mean and SD of the vascular asymmetry coefficient are reported.
‡ indicates statistical significance (P < 0.05).

literature13,30,31 and supports the defined moderate evi-
dence (at least 2 high-quality studies with a relevant
OR) for wider MCA M2 bifurcation angles as a marker
for development of MCA IA found in the systematic
review15 on anatomic imaging markers for IAs. We
observed no statistically significant distinctions in M1
diameters on the side ipsilateral to the MCA IA com-
paredwith those inmatched controls. This diameter has
been linked previously to MCA IAs with low evidence
as reported in the systematic review.15 The larger M2–
M2 angle (both left and right) that we observed on a
group level may be attributed to individuals with MCA
IAs, who substantially increased the overall average of
the IA group.

In addition, our results showed a smaller angle on
the narrower side of the A1–A2 bifurcation in individuals
with Acom IAs compared with their matched controls.
This trend resembles findings previously reported in
the literature.11,25 Wider Pcom–C7 angles in individuals
with Pcom IAs have not been described in earlier
studies, although larger sample sizes are necessary to
strengthen the statistical power and confirm observa-
tions in this study. A narrower angle between the C6
(ophthalmic segment of the ICA extending to origin
of Pcom) and C7 (terminal segment of the ICA) has
been suggested previously as a potential imaging
marker for Pcom IAs.12 Accurate measurement of
the C6–C7 angle relies on precise identification of the
ophthalmic artery’s origin, which can be challenging
due to the relatively small artery size and introduces
subjectivity into the measurement process. Conse-

quently, we opted to use the Pcom–C7 angle, which
may provide a more robust marker for Pcom IA devel-
opment. We observed statistically significantly lower
ICA diameters (measured 5 mm below the ICA top)
in individuals with Pcom IAs compared with the con-
trol group. To our knowledge, the ICA diameter has
not been studied in relation to Pcom IAs. The initial
findings described in this paragraph did not withstand
the stringent correction for multiple testing (adjusted
P>0.05).

We found no statistically significant differences in
Pcom diameters in individuals with Pcom IAs com-
pared with their controls. This finding contradicts ear-
lier reports,10 which could be attributed to the choice of
controls: The earlier study includes patients with non-
Pcom IAs in the control group, whereas we include only
individuals without IAs as controls.

In the systematic review,15 A1 asymmetry was iden-
tified as an imaging marker for the development of
Acom IAs with a high level of converging evidence.
We observed no statistically significant differences in
A1 asymmetry between the subgroup with IAs and the
controls. These observationsmay be attributed to differ-
ences in patient selection and control groups between
this study and earlier studies.25,26 For instance, Bourcier
et al25 included only individuals with at least 2 first-
degree relatives with IAs, whereas we combined 2
cohorts with the inclusion criteria of at least 1 first-
degree relative with an IA or aSAH. Interestingly, their
reported level of A1 asymmetry in the IA group (20.5%)
was similar to ours (19.3%) but lower for controls (7.9%
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versus 11.7%). Conversely, in the study from Kaspera
et al,26 the level of A1 asymmetry observed in controls
(11.5%) was similar to ours (11.7%) but substantially
higher in the IA group (32.6% versus 19.3%). In contrast
with our study and Bourcier’s study, a positive family
history of IAs was 1 of the exclusion criteria.

In addition, A1–A2 diameter ratios were previously
identified as possible imaging marker for Acom IAs.
Artery diameters of the A2 segments were not included
in the current study and may be included in future work
to assess the A1–A2 diameter ratios.

In contrast to the Pcom IA subgroup, the ICA diam-
eter or ICA top bifurcation angle was not statistically
significantly different when comparing individuals with
ICA IAs with controls. Given that most ICA IAs devel-
oped in segments further away from the ICA top (also
T-junction), it is expected that the ICA diameter just
below the ICA top and the ICA top bifurcation angle
have limited impact. Other factors, such as the ICA
curvature or basilar artery tortuosity,15 may play a more
prominent role in the development of ICA IAs and may
be considered in future studies.

Except for the M2–M2 bifurcation angle, we did not
identify any statistically significant variations at group-
level between individuals with and without IAs follow-
ing FDR correction. Our motivation for this analysis was
to explore potential generic markers associated with
IA presence, given the interconnection of all arteries in
the CoW, and the occurrence of multiple IAs in some
individuals.

Strengths of our study were the use of 2 large
cohorts of individuals screened for IAs. Moreover,
for our measurements of the diameters and bifur-
cation angles, we used a semiautomated method
with high reproducibility and repeatability, providing
more robust outcomes than manual measurements.22

This method can be extended to extract other CoW
characteristics, such as the tortuosity or average diam-
eter of arteries, on the basis of the obtained artery
centerlines. Given the large heterogeneity in marker
definitions and the methodological quality in previous
studies, such semiautomatic methods can offer a
standardized approach to identify anatomic markers
for IA with stronger evidence, particularly for larger
populations.

The residual analysis showed no serious deviations
from normality or signs of heteroscedasticity. There
were some minor deviations noted for the Pcom diam-
eter, primarily due to the presence of values below
the detection limit. The intraclass correlation coefficient
and Bland–Altman plots demonstrated strong agree-
ment between and within raters. This supports the
rationale for using semiautomatic methods to improve
the repeatability and reproducibility of studies aimed at
identifying imaging markers.

There are several limitations to the current study.
First, the detection limit hindered accurate measure-
ment of arterial diameters <1.2 mm. While prior
research demonstrated good agreement between
manual measurements and the employed semiauto-
matic method, some variability may still occur. Second,
we combined 2 cohorts that selected eligible individu-
als based on different criteria (positive family history for
aSAH or first-degree relative with UIA). The assumption
that anatomic markers for IAs are comparable across
both groupsmay require further investigation. Third, this
study comprised a cohort of individuals at increased
risk for developing IAs. These imaging markers can also
be evaluated in a cohort of healthy individuals who are
not specifically selected for IA screening, for example, in
a population-based cohort. This would help determine
whether these markers also contribute to the develop-
ment of IAs independently of a positive family history. To
obtain results with more statistical power, future stud-
ies including a larger group of individuals with IAs are
warranted. Fourth, the predominance of smaller IAs in
our data raises the possibility of a selection bias. Indi-
viduals with larger IAs, who are more likely to have
undergone surgical treatment—an exclusion criterion
in our study—are underrepresented. Consequently, our
findings may be related specifically to smaller and less
aggressive IA types. Finally, we did not incorporate
other risk factors like smoking or hypertension in our
matching procedure due tomissing data in a substantial
number of individuals.

Future research should investigate the extent to
which these markers can contribute to the prediction
of IAs in at-risk population groups during follow-up
screening. Assessing imaging markers during the initial
screening could improve the follow-up screening pro-
cess by increasing the screening frequency for individ-
uals at the highest risk for IAs while reducing or dis-
continuing screening for low-risk individuals. The use
of semiautomatic methods, as demonstrated here, can
enhance the repeatability and reproducibility in future
studies.
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