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Three Dimensional Geometrical Features of Intracranial
Saccular Aneurysms at the Time of Rupture
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ABSTRACT

AIM: To explore the interplay between different geometric features of various types of aneurysms related to aneurysm rupture
angiographically.

MATERIAL and METHODS: Three dimensional (3D) digital subtraction angiography (DSA) studies from 180 patients with ruptured
sidewall (SW) and sidewall with branching vessel (SWB) aneurysms, and 70 patients with ruptured endwall (EW) aneurysms were
retrospectively analyzed, excluding anterior communicating artery aneurysms. In SW and SWB cases, relationships between
maximum aneurysm depth and various geometric features, including neck diameter, parent vessel (PV) curvature angle, and
diameter difference between proximal and distal PV segments, were explored. In EW cases, the neck diameter, branching angle,
and discrepancy between daughter vessel diameters were measured and compared with aneurysm depth.

RESULTS: A narrow PV curvature angle significantly correlated with greater maximum aneurysm depth in SW aneurysms
(p-value=0.019). PV stenosis distal to SW aneurysms was significantly associated with greater aneurysm depth at the time of rupture
(p-value<0.001). A wider branching angle was associated with smaller aneurysm depth at the time of rupture in EW aneurysms
having daughter vessels narrower in caliber than their PV (p-value=0.02). A positive significant correlation was recorded between
aneurysm depth and neck width in both EW and SW aneurysm types (p-value<0.001).

CONCLUSION: Geometric factors such as PV curvature angle, neck width, and PV distal narrowing could affect the risk of growth
and rupture of SW and SWB aneurysms. A wider branching angle could be considered in the early rupture of EW aneurysms. Neck
width could be significantly related to the growth and rupture of both SW and EW intracranial aneurysms.

KEYWORDS: Aneurysm rupture, Flow dynamics, Parent vessel curvature angle, Branching angle, Neck

ABBREVIATIONS: 3D: Three-dimensional, AcoA: Anterior communicating Artery, AICA: Anterior inferior cerebellar artery, CFD:
Computational fluid dynamics, DSA: Digital subtraction angiography, EW: Endwall, IA: Intracranial aneurysm, ICA: Internal carotid
artery, MCA: Middle cerebral artery, PCA: Posterior cerebral artery, PcoA: Posterior communicating Artery, PICA: Posterior Inferior
Cerebellar Artery, PV: Parent Vessel, SW: Sidewall, SWB: Sidewall with Branching Vessel, VA: Vertebral Artery, WNA: Wide Neck
Aneurysm
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B INTRODUCTION

upture of intracranial aneurysms (IAs) results in consid-
Rerable morbidity and mortality, affecting around 2 to 5%

of the total population (8). The risks of IA rupture are
classified into patient-related and aneurysm-related factors.
According to previous studies, patient-related factors include
female sex, hypertension, current smoking status, familial pre-
ponderance, and connective tissue disorders (49,52,53). How-
ever, these investigations have not yielded any quantitative
findings that are easy to incorporate into the decision-making
process for IA management. Aneurysm-related rupture risk
factors include geometric features such as aneurysm size (47),
size ratio (8,45), shape (17,33,34), neck diameter (33), and as-
pect ratio (30,44). There is ongoing debate on which morpho-
logical trait best predicts a higher risk of aneurysmal rupture.
Both geometric and hemodynamic factors play a major role in
IA development, growth, and rupture. In the absence of un-
derlying disease, aneurysm development is assumed to be a
mechanically mediated process (11). Why some aneurysms
rupture at small sizes while others grow to reach a large size
in the absence of obvious abnormal angioarchitecture is still
not understood. Figure 1 shows a ruptured sidewall (SW) blis-
ter aneurysm arising from a nearly straight vessel increased in
both the neck and the depth dimensions after 1 month.

Regarding SW aneurysms, few studies have examined the re-
lationship between the curvature of the parent vessel (PV) and
aneurysm growth and rupture (21). Piccinelli et al. stated that
greater angles at ICA curves harboring aneurysms are more
likely to be associated with rupture status (32). The role of PV
curvature, in the absence of a bifurcation, has not been exten-
sively evaluated concerning SW aneurysm formation or rup-
ture. While PV stenosis has been shown to contribute to the
development and rupture (18,19), few studies have correlated
PV stenosis or widening with aneurysm growth or rupture in
SW aneurysms.

Regarding endwall (EW) aneurysms, a recent meta-analysis
revealed that middle cerebral artery (MCA) bifurcations with

wider daughter-to-daughter angles are closely associated
with the formation of EW MCA bifurcation aneurysms (40).
However, the relationship between the branching angle and
aneurysm depth has not been explored (29).

Since studies investigating the contribution of vascular geom-
etry to aneurysm growth and rupture are limited, we explored
the correlations between geometric features in both SW and
EW IAs, aiming to minimize the use of time-consuming com-
putational fluid dynamics (CFD).

Moreover, due to the complexity and diversity of vessel ge-
ometry and flow conditions of the anterior communicating ar-
tery (AcoA) complex (6), AcoA aneurysms were excluded from
our study. A normal ACA-AcoA complex is defined as one in
which a communicating artery connects two A1 segments of
equal size and, thus, two inflow feeder vessels, and these Als
continue upstream to form two equally sized A2 outflow drain-
ing vessels. However, AcoA aneurysms are more likely to have
asymmetric Als, and in 78% of cases, they are exclusively
filled angiographically from one A1 vessel (6). This asymmetry
creates variable flow patterns and, therefore, different hemo-
dynamics that alter the risks of AcoA aneurysm rupture com-
pared to non-AcoA aneurysms, which typically have a single
inflow vessel and most often a single outflow vessel.

B MATERIAL and METHODS

This study was approved according to ethical standards of
scientific research by the ethics committee with reference
number 12-11-2023/0108087.

Patient Population

This study involved a retrospective analysis of 250 patients
with ruptured saccular |IAs admitted to the neurosurgery de-
partment and affiliated hospitals. The included cases had a
definitive digital subtraction angiography (DSA) result confirm-
ing a diagnosis of anterior circulation aneurysms and posterior
circulation aneurysms. AcoA aneurysms were excluded.

44-year-old male patient. Neck diameter=4.01 mm, maximum depth=1.22 mm. B) and C) Follow-up DSA after 1 month revealed aneu-
rysm growth; neck diameter=4.36 mm, maximum depth=3.31 mm.
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3D Image Extraction

For patients diagnosed with ruptured saccular EW, SW, or
SWB |As, images were extracted from DSA (using the Sie-
mens Artis-Z® angiogram) as two-dimensional (2D) and
three-dimensional (3D) images. The angiographic data were
transported to a workstation (Syngo X Workplace; Siemens)
running prototype software for the post-processing of 3D DSA
images and analyzed thoroughly to obtain the 3D geometric
morphological features of the aneurysms and their PVs.

Aneurysm Morphological Characteristics

Aneurysm morphological features were extracted from the
DSA images. A blinded image review was performed and the
aneurysm location and the age and sex of the patients were
recorded.

All saccular aneurysms were classified as SW, EW, or SWB
based on the recorded angiographical patterns of parent ar-
teries, according to Hassan et al. SW aneurysms are char-
acterized by the aneurysm’s inflow and outflow zones being
located within the same anatomical neck, with the aneurysmal
sac arising from a single vessel, which acts as both the feed-
ing and the draining channel (13). SWB aneurysms are geo-
metrically similar to SW aneurysms, except that the aneurysm
sac is connected to additional draining arteries (13). In EW
aneurysms, the diameter of the PV proximal to the aneurysm
is separated from the greatest diameter of the PV distal to the
aneurysm by less than 90%, meaning that the mainstream of
blood flow enters the aneurysm (13).

Aneurysm measurements of maximal diameter were obtained
as the maximum height or depth. This is not the height mea-
sured perpendicularly, but rather the maximum (and not al-
ways perpendicular) distance between any location on the
aneurysm dome and the centroid of the aneurysm neck. As
accurately as possible, the neck plane was identified as the
point at which the aneurysmal sac protruded from the PV.

SW Aneurysms

Average PV diameter(s) (pre- and post-aneurysm) were record-
ed in both the proximal pre-aneurysm segment and the distal
post-aneurysm segment. For each segment, two representa-
tive vessel cross-sections were obtained: the proximal neck
(D1) and a point 1.5 times upstream (D2). The average value of
these measurements was then calculated. The absolute differ-
ence between the pre- and post-aneurysm PV average diam-
eters was also calculated. Additionally, the PV curvature angle
was measured. This angle was measured between two lines:
one passing through the longitudinal axis of the PV segment
proximal (inflow) to the aneurysm neck and the other through
the longitudinal axis of the PV segment distal (outflow) to the
aneurysm neck. The angle measured was the internal angle
formed by the intersection of these lines at the centroid of the
aneurysm neck, ensuring that the angle was measured from
the direction where the proximal segment, distal segment, and
aneurysm were observed in the same plane. SW and SWB
aneurysm measurements are shown in Figures 2 and 3.
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Figure 2: Representative 3D DSA image of a sidewall aneurysm
of the left internal carotid artery ophthalmic segment in a 34-year-
old female patient. N=neck diameter. Max depth=maximum an-
eurysm depth. For each parent vessel segment, D1=parent ves-
sel diameter at the proximal neck, D2=parent vessel diameter at
1.5D1 upstream of the aneurysm, ICA=internal carotid artery, ACA
A1=A1 segment of the anterior cerebral artery, MCA M1=M1 seg-
ment of the middle cerebral artery.

Figure 3: Representative 3D DSA image of a sidewall aneurysm
of the left internal carotid artery ophthalmic segment in a 34-year-
old female patient. The parent vessel curvature angle (a) between
the proximal inflow and distal outflow segments is represented
by the blue arrow formed by the intersection of the longitudinal
axes (dotted lines) of both segments. The arrowhead represents
the direction of blood flow. N=neck diameter, ICA=internal carotid
artery, ACA A1= A1 segment of the anterior cerebral artery, MCA
M1=M1 segment of the middle cerebral artery.
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EW (Bifurcation) Aneurysms

Average PV diameters were obtained by measuring two rep-
resentative cross-sections of the PV (Pal at the PV terminus
and Pa2 1.5 times upstream of Pa1) and calculating their aver-
age value. The average diameter of each daughter artery was
measured using the same method: two representative vessel
cross-sections upstream of the aneurysm (the proximal neck,
D1, and a point 1.5 times upstream, D2) were measured and
averaged. The difference in diameter between the daughter
arteries was then calculated. Additionally, the absolute differ-
ence between the average diameter of the parent artery and
the average diameter of the daughter arteries was calculated.
The branching angle was also recorded by measuring the in-
ternal angle between two lines running through the longitu-
dinal axis of each daughter vessel. EW aneurysm measure-
ments are shown in Figures 4 and 5.

Statistical Analysis

For the primary estimations and case collection, a Microsoft
Excel 2023 spreadsheet with statistical tools was used. The
IBM SPSS software package version 20.0 (IBM Corp., Ar-
monk, NY, USA) was used for all additional statistical analy-
ses. The statistical significance of the correlations between
the aneurysm maximum depth and other parameters, such as
PV curvature angle and aneurysm neck diameter, was deter-
mined using linear regression analysis. The dimensions of the
aneurysm were measured using 3D DSA images, where the

maximum value of each measured parameter (neck diameter,
maximum aneurysm depth, and PV diameter) defined the an-
eurysm’s dimensions. Each PV measurement was made with
the longitudinal vessel axis perpendicular to the measure-
ment. Calculations were performed to determine the coeffi-
cient of determination and the error probability values. Signif-
icant probability values were those less than 0.05. Graphical
representations of the results were created using bivariate
scatter plots and regression. Numbers and percentages were
used to describe the qualitative data. To verify the normality of
the distribution, the Shapiro-Wilk test was performed. Range
(minimum and maximum), mean, standard deviation, median,
and interquartile range (IQR) were used to characterize quan-
titative data.

B RESULTS

A total of 250 cases of ruptured saccular |IAs, excluding AcoA
aneurysms, were collected from neurosurgery department
hospitals and affiliated hospitals, with a mean patient age of
51.2 + 14.1 years. More than 50% of patients were female
(183; 53.2%), and 58% of the patients were aged =50 years.
Table | summarizes the demographic data of the collected
sample. The 250 aneurysms were classified angiographically
based on their PV geometry into EW, SW, and SWB types.
About 53% (132 out of 250) of the cases were SW, 28% were
EW, and 19% were SWB aneurysms. Regarding aneurysm
location, most cases were PcoA aneurysms (69; 27.6%), fol-

Figure 4: Representative 3D DSA image of an endwall aneu-
rysm arising from the right middle cerebral artery bifurcation in
a 62-year-old male patient. N=neck diameter. Max depth=max-
imum aneurysm depth. For each daughter artery d1 and d2,
D1=vessel diameter at the proximal neck, D2=vessel diameter at
1.5D1 upstream of the aneurysm, Pal=parent vessel diameter at
the parent vessel terminus, Pa2=parent vessel diameter at 1.5Pa1
upstream, MCA M1=M1 segment of the middle cerebral artery,
MCA M2=M2 segment of the middle cerebral artery.
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Figure 5: Representative 3D DSA image of an endwall aneurysm
(EW An) arising from the right middle cerebral artery bifurcation in
a 62-year-old male patient. The branching angle (B) is formed by
the intersection of the longitudinal axis of each daughter vessel
(two dotted lines on d1 and d2). Blue arrowheads represent the
direction of blood flow. Neck diameter=2.23 mm. N=neck diam-
eter, Max depth=maximum aneurysm depth, MCA M1=M1 seg-
ment of the middle cerebral artery, MCA M2=M2 segment of the
middle cerebral artery.



Table I: Distribution of the Studied Cases according to
Demographic Data (n=250)
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lowed by ophthalmic segment ICA aneurysms (52; 20.8%)
and MCA bifurcation aneurysms (45; 18%). Table Il classifies
the studied aneurysms within PV geometry-related categories

No. % and presents the range, mean, and median values of the mea-
Sex sured parameters for each aneurysm location. In all 250 cas-
es, the maximum aneurysm depth measured at the point of
Male 17 46.8 rupture was 6.26 + 4.16 mm, and the average aneurysm neck

Female 133 53.2 diameter was 3.68 = 1.7 mm.

Age (years) SW Aneurysms

<50 105 42.0 Regarding SW and SWB aneurysms, Table Il presents a de-
scriptive analysis of the parameters measured. First, a signifi-
<50 145 58.0 cant correlation was observed between the PV curvature angle
Min. — Max. 11.0-76.0 and the maximum aneurysm depth at which rupture occurred,
with statistical significance (p-value=0.019). Figures 6, 7, and
Mean = SD. 51.16 £ 14.05 8 show 2D scatter plots of the observed correlation between
Median (IQR) 53.0 the different morphological parameters measured in 180 SW

IQR: Inter quartile range, SD: Standard deviation.

and SWB aneurysms. Second, a significant correlation was

Table IlI: Classification of Studied Aneurysms According to Location and Parent Vessel Geometry-Related Categories

No. of Aneurysms (%) Morphological Parameters

_SWB Aneurysm Max Depth Neck size
Sidewall
Aneurysm sSw with EW
location Sidewall . Endwall Mean value ,. Median Mean value .. Median
branching +SD Min.-Max. (IQR) +SD Min.-Max. (IQR)
vessel
5.54 3.06
PcoA 38 31 0 595+ 3.14 1.31-14.2 (3.42-8.27) 3.38+1.45 1.16-10.2 (2.38-3.85)
MCA 10 2 45 550+2.92 1.93-19.6 4.8 3.56+1.46 1.89-7.76 3.1
T ) " (8.52-6.67) T ’ ’ (2.44-4.1)
ICA Ophthalmic 4.91 3.31
segment 45 7 0 6.28 +5.12 0.83-23.4 (2.94-7.23) 3.89+2.17 1.5-13.7 (2.36-4.71)
3.56 2.54
ACA 8 2 6 4,19 + 2.262 0.93-9.07 (2.64-5.93) 2.71+1.29 0.93-5.17 (2.03-3.02)
6.16 4.27
Other CA 23 4 10 8.33+5.48 2.11-27.8 (3.94-11.9) 439+ 1.69 1.38-8.76 (3.23-5.0)
9.62 4.33
PCA 3 0 0 11.26 + 8.64 3.56-20.6 (6.59-15.11) 464 +1.55 3.27-6.33 (3.8-5.33)
BA 0 0 9 6.81 +3.84 2.24-13.9 73 459+1.86 1.8-8.09 4.91
T ’ ’ (4.09-8.61) 7 7 T (3.34-5.25)
5.52 2.51
PICA 2 1 0 518 +2.51 2.51-7.5 (4.02-6.51) 2.64 +0.46 2.25-3.15 (2.38-2.83)
AICA 1 0 0 4.78 - 2.54 -
4.14 3.59
VA 2 1 0 511 +3.30 2.41-8.79 (3.28-6.47) 3.29 +0.64 2.55-3.73 (3.07-3.66)
Total (n=250) 132 (52.8) 48 (19.2) 70(28) 6.26 +4.16 0.83-27.80 522 3.68 + 1.70 0.93-13.70 825
’ ’ e ’ ’ (3.5-7.6) T ’ ’ (2.5-4.5)

PcoA: Posterior communicating artery, MCA: Middle cerebral artery, ICA: Internal carotid artery, ACA: Anterior cerebral artery, CA: Carotid artery,
PCA: Posterior cerebral artery, BA: Basilar artery, PICA: Posterior inferior cerebellar artery, AICA: Anterior inferior cerebellar artery, VA: Vertebral
artery, IQR: Inter quartile range, SD: Standard deviation.
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Table IlI: Descriptive Analysis of the Studied Cases According to Different Morphological Parameters in Sidewall (SW) and Sidewall with
Branching Vessel (SWB) Saccular Aneurysms (n=180)

Morphological Parameter SW and SWB (mean value + SD)
Maximum Depth (mm) 6.34 £ 4.44
Neck Diameter (mm) 3.63+1.74
Pre-Aneurysm parent vessel diameter at neck (D1) (mm) 2.86 + 1.03
Pre-Aneurysm parent vessel diameter at 1.5xD1 (D2) (mm) 3.15+1.08
Proximal (inflow) parent vessel average diameter (D1+D2/2) (mm) 3.00 + 1.00
Post-Aneurysm parent vessel diameter at neck (D1) (mm) 2.88 £ 0.97
Post-Aneurysm parent vessel diameter at 1.5D1 (D2) (mm) 2.82 £0.92
Distal (outflow) parent vessel average diameter (D1+D2/2)(mm) 2.85+0.88
Parent vessel curvature angle (deg) 109.2 + 28.4
Parent vessel diameter difference between proximal and distal segments 0.45 + 0.44

SD: Standard deviation.
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found between neck diameter and maximum aneurysm height
at which rupture occurred, with statistical significance (p-val-
ue<0.001). Regarding the discrepancy between proximal and
distal PV segments, in 60% of the cases (=180 SW and SWB
aneurysms), the distal PV segment was found to be narrower
than the proximal segment. Cases with distal narrowing of the
parent artery showed a significant correlation between proxi-
mal and distal segment discrepancy and the maximum depth
at which the aneurysm ruptured (p-value<0.001), as shown in
Table IV and Figures 9 and 10. The greater the difference in
caliber between the proximal and distal segments, the greater
the aneurysm size. However, cases with proximal narrowing of
the PV showed no statistically significant correlation between
segment discrepancy and the maximum aneurysm depth
(p-value=0.75).

EW Aneurysms

Regarding EW aneurysms, Table V summarizes the measured

Sadek AR. et al: 3D Features of Aneurysms

parameters. A significant correlation was recorded between
aneurysm neck diameter and maximum aneurysm depth at
which rupture occurred (p-value<0.001) as shown in Figure
11. However, no statistically significant correlation was found
between the daughter vessel caliber discrepancy and the
maximum aneurysm depth. Regarding the branching angle,
no significant relationship was noted between the branching
angle and the maximum aneurysm depth at which rupture
occurred. However, a subgroup analysis of the 70 EW aneu-
rysms was performed based on the difference in vessel caliber
between the PV and the average of the two daughter vessels.
A total of 62 out of 70 EW aneurysms (89%) had PV diameters
larger than the average daughter vessel diameters. This sub-
group showed a statistically significant inverse correlation be-
tween the branching angle and the maximum aneurysm depth
at the time of rupture (p-value=0.02). Figures 12 and 13 show
2D scatter plots of the observed correlation between different
morphological parameters measured in 70 EW aneurysms. Ta-

Table IV: Univariate Analysis of the Studied Cases according to Parent Vessel Diameter Difference Between Proximal and Distal
Segments in (SW) and (SWB) Aneurysms (n=180) (*=statistically significant)

Parent vessel Diam-

eter Difference be-

Stenotic Parent

Maximum Aneurysm

0, i -
Vessel Segment n (%) twefen proximal and DePth p-value
distal segment (mean in mm)
(mean in mm +SD)
Distal Segment 106 (58.9) 0.51 £ 0.48 6.59 = 4.95 <0.0001*
Proximal Segment 72 (40) 0.37 £ 0.35 5.96 + 3.61 0.75
Distal=Proximal 2 (0.01) 0 6.96 —---
SD: Standard deviation.
3.0
¢ r, = 0.156*
25 . p = 0.037*
2.0 4

Pre- and post-aneurysm parent
vessel diameter difference

Figure 8: 2D scatter plots showing a
correlation between absolute pre- and
post-aneurysm parent vessel diameter

Maximum Aneurysm Depth

30 difference and maximum depth in SW
and SWB saccular aneurysms (n=180).
*=statistically significant.
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Figure 9: 2D scatter plot showing a correlation
between pre- and post-aneurysm parent vessel
diameter difference and maximum aneurysm
depth in SW and SWB aneurysms with PV
distal segment stenosis (n=106).

*=statistically significant.

Figure 10: 2D scatter plot showing a correla-
tion between pre- and post-aneurysm parent
vessel diameter difference and maximum an-
eurysm depth in SW and SWB aneurysms with
PV proximal segment stenosis (n=72).

Figure 11: 2D scatter plot showing a correla-
tion between neck diameter and maximum
aneurysm depth in EW aneurysms (n=70).
*=statistically significant.
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Table V: Descriptive Analysis of the Studied Cases according to Different Morphological Parameters in Endwall

Saccular Aneurysm (n=70)

Morphological Parameter

EW (mean value = SD)

Maximum Depth (mm) 6.05 + 3.35
Neck Diameter (mm) 3.81 +£1.60
Parent vessel diameter (mm) 2.42 + 0.62
Daughter vessel diameter d1 (mm) 1.77 £ 0.46
Daughter vessel diameter d2 (mm) 1.74 £ 0.48
Average Daughter vessels diameter (d1+d2/2) (mm) 1.76 £ 0.38
Branching Angle (deg) 119.5 £ 33.2
Daughter vessels diameter difference (mm) 0.44 + 0.35
Parent-Daughter vessel diameter difference (mm) 0.72 + 0.49

SD: Standard deviation.

Table VI: Correlation Between Branching Angle and Maximum Aneurysm Depth in Subgroup Analysis of the Studied (EW) Aneurysms
According to Parent-Daughter Vessel Ratio (n=70) (*=statistically significant)

Parent-Daughter

Branching angle (mean Maximum Aneurysm

0, -
vessel ratio n (%) in deg = SD) Depth (mean in mm) p-value
Parent>Daughter 62 (89) 1215+ 31.3 6.11 + 3.35 0.02¢
Parent<Daughter 8 (11) 1021 £41.7 5.59 + 3.26 0.75
SD: Standard deviation.
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ble VI and Figure 14 show the significant correlation between
the daughter-to-daughter branching angle and the maximum
aneurysm depth.
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H DISCUSSION

The present study focused on 250 ruptured IAs to explore dif-
ferent geometric parameters that could be used to anticipate
aneurysmal rupture. Most studies that compare ruptured and
unruptured aneurysms face similar difficulties. There is ongo-



ing debate about the aneurysmal morphological changes that
might occur at rupture. For this reason, conducting prospec-
tive analysis for unruptured aneurysms is challenging. Recent
prospective studies have incorporated vessel imaging modal-
ities such as black blood contrast-enhanced MRI to help de-
tect inflammatory changes in the aneurysm wall that occur be-
fore rupture (9,41). Additionally, identifying which unruptured
aneurysms are vulnerable to rupture remains difficult due to
the inconsistent results of various studies comparing risk fac-
tors for aneurysm rupture between ruptured and unruptured
groups. One reason for this difficulty is the inability to control
confounding factors related to the patient characteristics af-
fecting the risk of rupture, such as gender, age, hypertension,
and current smoking status. Several studies avoided such
confounding factors by comparing parameters of ruptured
and unruptured aneurysms within the same patient among
patients having multiple IAs (4,31).

Hemodynamic disparities between ruptured and unruptured
IAs have been extensively studied using medical image-based
CFD methods, contributing to the recognition of variable he-
modynamic parameters that predict the likelihood of aneu-
rysm rupture (5,50). However, our study addressed easily ex-
tracted simple geometric parameters that could add value to
risk stratification regarding aneurysmal growth and rupture.

Neck Size

The most consistent risk factor for aneurysm rupture, accord-
ing to previous research, is the aneurysm size (7). An increased
risk of rupture has previously been linked to an aneurysm size
greater than 7 mm (42,48). However, in our study, 174 (69.9%)
out of the total 250 ruptured I1As had a maximum aneurysm
height of less than 7 mm, and the average maximum height
was 6.26 + 4.16 mm, indicating that aneurysm size alone is
not reliable for rupture risk assessment. That is why anoth-
er significant geometric parameter was incorporated, that is,
neck size. In 1994, Fernandez Zubillaga et al. defined neck
size as the maximum size in millimeters of the aperture con-
necting the parent artery to the aneurysm body (10). The neck
region is a critical factor that controls the blood flow into and
out of the aneurysmal sac and is directly related to the speed
of blood flow into the aneurysm (37,45).

The present study revealed that neck size was significantly
correlated with the maximum depth at which rupture occurred
in both SW and EW aneurysms with p-values <0.001. A wider
neck size allows more blood flow into the aneurysmal sac,
enabling the aneurysm to grow to a greater depth without
early rupture. Regarding the management of IAs, wide neck
aneurysms (WNAs; neck diameter >4 mm (10)) are considered
more difficult to manage than narrow neck aneurysms (14).
Due to the surgical challenges posed by WNAs and the risk
of perforator injury, WNAs are considered candidates for open
surgery to achieve complete and permanent aneurysm occlu-
sion. However, the endovascular management of WNA using
simple coil embolization is also difficult (23). Considering our
results, the risk of WNAs attaining large sizes is higher com-
pared to narrow neck aneurysms, thus presenting a greater
risk of incomplete aneurysm occlusion, coil protrusion into the
parent artery, and recanalization of the previously coiled aneu-
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rysm. Therefore, simple embolization of WNA without the use
of adjunctive devices, as in balloon-assisted coiling, stent-as-
sisted coiling, or flow divertors, is extremely difficult (34).

PV Curvature Angle

In 180 cases of SW and SWB ruptured saccular IAs, narrowing
of the PV curvature angle was found to be associated with
aneurysm rupture at a greater aneurysm depth. The more
acute the bending angle of the PV, the larger the aneurysm
depth at which rupture occurred. According to a study of flow
dynamics on canine models, there is a significant difference
in flow mechanisms between aneurysms arising from straight
and curved PVs (28). It has also been established that chang-
es in the blood flow trajectory caused by the bending of the
PV are related to the initial endothelial effects involved in the
formation or growth of the aneurysmal sac (46). Our results
revealed that the more the PV bends, the greater the size at-
tained by the aneurysm as more blood enters the aneurysm
sac, leading to greater aneurysm growth. Useful information
has been extracted from the effect of widening the PV cur-
vature angle to manage SW and SWB aneurysms located on
highly curved vessels using flow diverter stents. According to
Janot et al., the increase of parent artery straightening— es-
sentially, making a more obtuse branching angle—after flow
diverter stent deployment favors higher rates of aneurysm oc-
clusion (16). According to Gao et al., stent-assisted aneurysm
embolization reduces the flow impingement zone at the an-
eurysm neck by widening the PV angle (12). Ishii et al. found
that the aneurysm recurrence rate is reduced when the PV
angle is raised over 20° using stent-assisted coil embolization
(15). Furthermore, a recent study on ICA saccular aneurysms
managed by pipeline embolization devices revealed that an-
eurysms arising from the outer convexity of the supraclinoid
segment are considered a predictor of incomplete aneurysm
occlusion owing to the higher flow velocity magnitude and jet
flow into the aneurysm compared to aneurysms arising from
the inner concave side of the supraclinoid ICA (39). Adding
these findings to our results, the narrowing of the PV in the SW
aneurysm increases the likelihood of the aneurysm reaching
greater sizes. Ultimately, interpreting the aneurysmal geomet-
ric morphology and the vessels in its vicinity, especially the
PV geometry, before applying the treatment strategy may help
decrease iatrogenic complications or retreatments (2,24). For
instance, stent-assisted coil embolization may be more ben-
eficial than simple or balloon-assisted coil embolization for
a patient with a growing SW aneurysm whose PV curvature
angle shows narrowing at follow-up, thus reducing the risk of
aneurysm recurrence (12,15,51). A recent CFD study showed
that the deformation of the PV angle caused by stent deploy-
ment reduces the wall shear stresses and the blood velocity at
the entrance of the aneurysm neck, therefore decreasing the
risk of recurrence (35).

Diameter Discrepancy of Proximal (Pre-aneurysm) and
Distal (Post-aneurysm) PV Segments in SW and SWB
Aneurysms

Variations in vessel morphology cause hemodynamic alter-
ations that could lead to the creation and development of
an IA (18,19). De novo aneurysm origination was previously
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linked to vessel narrowing, which changes the original tube-
like geometry (18,19,36). Samano et al. described de novo
right (PcoA) SW aneurysm development and rupture in a pa-
tient previously diagnosed with right ICA atherosclerotic ste-
nosis 11 years ago (36). In the present study, the discrepan-
cy between the PV narrowing of the proximal (pre-aneurysm)
segment and distal (post-aneurysm) segment was assessed
in relation to the aneurysm size at which rupture occurred. In
cases Where the distal post-aneurysm segment was narrow-
er than the proximal ones, an increase in the diameter dis-
crepancy between the segments was concluded to result in
aneurysmal rupture at greater sizes (p-value<0.0001). How-
ever, in cases where the narrow segment was the proximal
pre-aneurysm segment, no statistically significant relationship
was reported between the discrepancy in the caliber of pre-
and post-aneurysm segments and the risk of aneurysm depth
and rupture. Our study results are consistent with the firehose
nozzle theory demonstrated by Lauric et al. (22). This theory
describes a vessel tapering phenomenon in the A1 segment
caliber, which was shown to lead to higher blood flow velocity
toward the bifurcation apex, resulting in increased wall shear
stress, thus creating favorable aneurysmogenic hemodynamic
conditions for AcoA aneurysm initiation and progression. Our
study, which included SW and SWB aneurysms (n=180) from
various locations, supports the generalization of this theory
beyond just AcoA or MCA aneurysms. In addition, based on
our results, it is postulated that in SW aneurysms, mechanical
angioplasty of the distal segment of the PV along with aneu-
rysm coiling would help reduce the hemodynamic conditions
created by distal PV tapering and prevent further aneurysm
growth or recurrence. However, further research and analysis
are needed to investigate the effect of angioplasty, whether
mechanical using stents or medical using intraarterial vasodi-
lators, in SW and SWB aneurysms associated with distal PV
tapering.

Branching Angle in EW Aneurysms

Prior research has demonstrated the correlation between the
development, growth, and rupture of IAs and surrounding ves-
sel angles. Regarding intracranial bifurcation aneurysm devel-
opment and angles, Meng et al. showed that broader angles
between the posterior cerebral arteries (PCA) caused blood
flow to be shifted at the basilar apex, leading to aneurysm
formation (27). Patients with basilar tip aneurysms have wider
bilateral PCA angles, as demonstrated by Tutlnci et al.; sim-
ilarly, Baharoglu et al. discovered that patients with MCA an-
eurysms are more likely to have wider daughter vessel angles
(2,43). Lin et al. (24), Baharoglu et al. (3), and Lv et al. (26) mea-
sured the inflow angle (the angle between the PV and aneu-
rysm axis) to investigate the relationship between the rupture
of IAs and the PV’s configuration. Their investigations revealed
that aneurysm rupture is related to a wider inflow angle, which
increases the flow impingement zone to the aneurysm wall.
Therefore, the previously studied correlations prove that 1A
development and rupture are closely related to the angles
of surrounding vessels. However, the studies, including our
study, differ in that we explored the ratio between PV diame-
ter and the average diameter of daughter vessels and how it
may affect the correlation between the branching angle and
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aneurysm depth at the time of rupture. Regarding EW bifurca-
tion aneurysms, proximal narrowing causes unphysiologically
high wall shear stress at the bifurcation, as demonstrated by
Kono et al. on parametric and patient-derived models. This
creates conditions that were previously linked to endotheli-
al remodeling, which is related to aneurysm development
(18,19). Furthermore, Antonov et al. concluded that there was
a significant correlation between the probability of rupture in
MCA bifurcation aneurysms and the degree and proximity of
upstream M1 parent artery stenosis (1). Lauric et al. reported
that M1 segments leading to EW MCA bifurcation aneurysms
show a progressive decrease in caliber, not seen in nonaneu-
rysmal contralaterals or even in healthy individuals (20).

In our study, 62 out of 70 EW aneurysms (including 40 MCA
bifurcation aneurysms, nine ICA bifurcation aneurysms, five
basilar tip aneurysms, and eight distal ACA aneurysms) had
daughter vessels narrower than their PV, which aligns with the
previously mentioned vessel narrowing theory demonstrated
by Kono et al. (18,19). Moreover, the correlation between the
branching angle and the aneurysm depth at which the rupture
occurred was explored. A statistically significant inverse cor-
relation (p-value=0.02) was found, indicating that the greater
the angle, the greater the hemodynamic stresses applied on
the aneurysm wall, leading to early rupture at smaller sizes.
A flow dynamics study conducted by Liou et al. demonstrat-
ed that small-sized saccular aneurysms arising at branching
points are subjected to greater impinging forces based on
laser-Doppler velocimetry measurements and flow visualiza-
tions (25). In addition, intra-aneurysmal flow dynamics are
considerably influenced by geometric parameters such as the
neck width and the branching angle of bifurcation aneurysms
(38). The findings of the current study could inform the endo-
vascular management of bifurcation or EW aneurysms with
large branching angles by deploying a stent extending from
the PV toward one of the daughter vessels, thus decreasing
the branching angle.

Limitations

The limitations of this study include its retrospective nature
and relatively small sample size. Although a total of 250 rup-
tured |As were explored, the sample sizes within each sub-
group (SW, SWB, and EW aneurysms) were still relatively
small. Therefore, more studies are needed to support our
conclusions. Another limitation is the vessel narrowing, which
could be contributed to by vasospasm caused by a ruptured
aneurysm, potentially altering our measurements. Additionally,
it is still unclear whether peripheral vascular morphology alters
during the development of aneurysms or whether differences
in vascular morphology cause hemodynamic alterations that
subsequently cause aneurysm growth and rupture. Answering
this question will require further research with larger cohorts.

B CONCLUSION

Geometrical factors such as PV curvature angle, aneurysm
neck width, and distal narrowing of the PV could affect the risk
of growth and rupture of SW and SWB aneurysms. A wider
branching angle could be considered a contributor to the early



rupture of EW aneurysms. Neck width could be significantly
related to the growth and rupture of both SW and EW IAs.
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